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PREFACE 



During the 1980s, additions to world petroleum reserves are expected to 
continue to fall behind production. In this situation, these dwindling 
reserves will no longer be adequate as the only source of liquid fuels. 

Although steps are being taken to supplement the supply of energy 
from petroleum with energy from a variety of other sources, the need 
for alternate supplies of liquid fuels for passenger and freight transpor- 
tation is particularly urgent. The most promising sources for the large 
quantities of liquid fuels required by the United States are, at present, 
the ample supplies of coal and oil shale in this country, but the tech- 
nology for producing and using these synthetic fuels needs to be advanced 
before full-scale facilities can be constructed and brought on stream. 
Especially important is a better understanding of the health and environ- 
mental impacts of synthetic fuel production and use, and of the means 
for bringing these impacts down to acceptably low levels. 

The National Research Council began to study the problems of con- 
verting coal into liquid fuels in 1975, under a contract from the U.S. 
Energy Research and Development Administration (ERDA, subsequently incor- 
porated into the Department of Energy). On the completion of this study 
in 1977, a ERDA contracted for a follow-on study of the R&D needed for 
the refining of coal and shale liquids. The results of this study are 
contained in this report. 

In this follow-on study, the National Research Council was asked to 
undertake the following tasks: 

Survey the state-of-the-art of programs currently underway 
on the application of petroleum processing techniques to the 
upgrading of coal and shale liquids. 



o 

The study, titled "Assessment of Technology for the Liquefaction of 
Coal," was carried out by the Ad Hoc Panel on Liquefaction of Coal, 



Recommend a course of direction for the achievement of short 
and long term goals. 

In the contract, ERDA also specified the following: 

The primary emphasis of the study should be placed on fuel 
production, with the production of chemical feedstocks 
examined only where they may be appropriate by-products in 
the normal operation of a commercial coal or shale oil 
refinery. 

Attention should be given to the types of fuel that will be 
needed after 1985, when synfuel plants are expected to be 
operating. 

Priorities in the recommended research programs should be 
clearly described and rationalized with respect to appro- 
priate technical and economic criteria. 

Evaluating the processing techniques used in upgrading coal and 
shale liquids has been the equivalent of shooting at a moving target. 
When the study began, for example, it was expected that an important use 
for the liquids would be as boiler fuels. However, as methods for the 
more complete conversion of coal to distillable fuels were demonstrated, 
they became the preferred means of removing ash and were incorporated 
in three of the four plants for demonstrating coal conversion. This 
report covers both types of liquids, but with emphasis on the distillablt 
synthetic liquids. 

This panel did not assess refining costs in detail. Costs of refin- 
ing synthetic fuels should not differ greatly from conventional petroleur 
refining. The major cost uncertainties are in the initial conversion 
steps, not in the refining process. 

The study, consistent with its charge, concentrated on the refining 
of distillable liquids produced by direct liquefaction processes. The 
panel believes that indirect liquefaction, while potentially important, 
presents few difficult research and development problems, given its long 
history and major industry involvement. 
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SUMMARY 



The purpose of this study was to determine the status of research and of 
technology for refining liquids from oil shale or coal, to recommend 
areas for future research and development emphasis, and to make recommen- 
dations on the roles of government and industry in these areas. 

Refining is the link between the primary production of liquids 
from these solid hydrocarbon sources and the supply of liquid fuels 
meeting the requirements of the various consumers. But use patterns 
and combustion equipment are expected to change with time, and the 
compositions of liquids produced by the variety of raw materials and 
conversion processes, which differ from those associated with petroleum, 
will also probably change with time. Therefore, parts of this report 
are devoted to discussions of liquefaction technologies and the corres- 
ponding liquid compositions, the committee's view of coming changes 
in demand for various types of liquid fuels, and the possibilities 
for evolution in end-use equipment. 

Today's refining technology for these synthetic liquids adds hydro- 
gen to eliminate elements other than carbon and hydrogen and thus 
produce substances similar to petroleum hydrocarbons. Because the 
manufacture and use of hydrogen are the major sources of energy consump- 
tion and expense in refining these liquids, the technology and research 
needs for hydrogen manufacture are also considered in this study. 
Environmental and health problems are given careful attention since 
the raw liquids are known to contain toxic components. 



FUTURE PRODUCT REQUIREMENTS 

The major categories of liquid fuels are gasoline, which distills at 
temperatures below approximately 430F; middle distillates (kerosene, 
diesel fuel, and domestic heating oil) which distill below 700F, and 
fuel oils which distill above 700F. Fuel oils are used in electric 
power generation, industrial heating, and some smaller commercial 
installations. Because of limitations of natural gas supply, the 
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content, and (in the case of coal liquids) the relatively high content 
of skin carcinogens, will be required. For smaller installations such 
as apartment houses and small factories, it is probable that more refined 
grades will be required. 

During this century gasoline consumption is not expected to grow 
and may decrease as prices increase and more fuel efficient passenger 
automobiles displace the present fleet. While future use of fuel injec- 
tion, stratified charge engines, or engines with higher compression 
ratios may call for adjustments in volatility and aromatic content, it is 
believed that these requirements can be easily met by applying petroleum 
refining technology to the lower boiling fractions produced from coal 
and oil shale once nitrogen, sulfur, and oxygen have been removed. 
Because of their high aromatic content, these fractions are especially 
well suited for this use. 

The projected increase in use of diesel engines, increased air 
travel, and continued use of liquid fuels for home heating should result 
in a considerable increase in middle distillate demand relative to that 
for gasoline. A high hydrogen content is needed in these fuels to avoid 
smoke and deposit formation in present equipment and, in the case of 
the diesel engine, to give satisfactory ignition characteristics. Coal 
liquids from direct liquefaction processes, because of their low hydrogen 
content, are at a disadvantage compared with shale oil, which has rela- 
tively high hydrogen contents, or with indirect liquefaction products, 
which normally have very high hydrogen content. Automotive gas turbine, 
Stirling, or stratified-charge engines, which can tolerate lower hydrogen 
contents, are not expected to be used widely before the end of this 
century. 

In the long term it is expected that the fraction of total liquid 
fuel production used in transportation will increase substantially from 
its present share of approximately 50 percent. 



LIQUEFACTION PROCESSES 

The two major categories of liquefaction processes are "direct" and 
"indirect." Direct liquefaction processes involve heating the solid 
starting material with or without the presence of catalysts, hydrogen, or 
solvents. Varying fractions of the organic content are converted to 
liquids and can subsequently be separated from the unconverted solids. 
Indirect liquefaction refers to a class of processes in which the solid 
organic material is first converted to a mixture of carbon monoxide and 
hydrogen by reaction with oxygen and/or steam. After purification, this 



the gasoline or distillate boiling range. It is anticipated that both 
classes of processes will see considerable application in the future, 
with the choice depending on the nature of the raw materials available, 
the types of products required, and the technological maturity of par- 
ticular processes. While the liquids produced by indirect liquefaction 
will require further purification and refining, major problems are not 
foreseen. This study, therefore, concentrates on the refining problems 
involved in converting liquids from direct liquefaction processes to 
acceptable products. 

Heating without adding hydrogen or solvents is called pyrolysis. 
With the western oil shales, high recoveries of the organic fraction can 
be achieved by pyrolysis, and a variety of retorts have been proposed 
for this purpose. There is also considerable interest in in situ retort- 
ing, in which most of the operation is carried out underground. The 
shale is explosively fragmented, and a flame is propagated downward 
through the broken stone by pumping air downward. The heat from this 
flame drives off pyrolysis products, which run to the bottom of the 
fractured zone, and the flame is fed by the char that remains in the 
stone. The oil produced is more volatile than that obtained in above- 
ground retorting, probably due to a higher level of thermal conversion. 
However, its properties are otherwise quite similar to those of shale 
oil retorted above ground and do not present significantly different 
refining problems. 

Pyrolysis has also been used in the liquefaction of coal, but the 
processes developed thus far yield relatively small amounts of liquids 
(usually less than 30 percent of the coal feed), accompanied by large 
quantities of char that can be disposed of as a boiler fuel. The liquid 
is in the form of a very heavy tar that can be used as a low grade liquid 
fuel or refined to a higher grade fuel. 

Higher yields of liquids are obtained by the use of liquid phase pro- 
cesses in which most of the coal is dissolved in a coal-derived recycle 
liquid which also supplies hydrogen "donors" to upgrade the hydrocarbons 
in the coal. In general, the recycle liquid is catalytically rehydrogen- 
ated either in an external circuit (as in the Exxon Donor Solvent, or 
EDS, process) or in the presence of the coal and ash (as in the H-Coal 
and Solvent-Refined Coal II, or SRC-II, processes). 

The properties of the liquids obtained depend, of course, on the 
coal used. They also depend strongly on the amount of hydrogen added 
during liquefaction. Processes such as SRC-I, which add a minimal amount 
of hydrogen, produce a relatively high molecular weight tar. A process 
such as EDS, which consumes a large quantity of hydrogen, can produce 
a product more than 25 percent of which is in the gasoline boiling range. 
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nitrogen, oxygen, and polynuclear aromatics, and require further puri- 
fication. 



REFINING TECHNOLOGY 

Today's refining technology has been highly optimized for the conversion 
of a wide variety of petroleum crudes to meet the consumer's fuel 
requirements. The United States has maintained technological leadership 
in this field, and American processes are used in the bulk of the world's 
refining installations. These processes reduce to acceptable values the 
nitrogen, oxygen, sulfur, polynuclear aromatics, and metals such as 
vanadium, iron, and nickel originally present in the crude oil. However, 
the nitrogen, oxygen, and polynuclear aromatic contents of shale- and 
coal-based liquids are generally higher than those of petroleum crudes, 
and special process units will be needed to eliminate these undesirable 
components. 

Hydrogenation is the basic technique for dealing with these mater- 
ials, since by adding sufficient hydrogen all the organic components can 
be reduced to saturated hydrocarbons and the metals eliminated from the 
liquid products. Pilot plant studies of several hydrotreating processes 
have demonstrated the ability to produce satisfactory products from shale 
and coal liquids. These processes are primarily extensions of the cata- 
lytic processes developed for the desulfurization and denitrogenation of 
petroleum. With some further development, these processes could be 
used to refine shale and coal liquids, but they require large amounts of 
hydrogen, higher pressures, and lower feed rates, all of which entail 
extra expense. More hydrogen is consumed than is stoichiometrically 
needed for heteroatom removal, methane is produced as a by-product, 
and a higher level of aromatic saturation occurs. If higher selectivity 
can be achieved, substantial savings in the energy and expense required 
for hydrogen manufacture are, in principle, available. A substantial 
R&D program aimed at reduction of hydrogen consumption is clearly justi- 
fied. Special emphasis on a search for chemical techniques other than 
extensions of the conventional catalytic hydrogenation is also needed. 

The inorganic contents of synthetic oils vary widely. Those from 
processes involving distillation contain relatively little, while those 
produced by filtration or solvent precipitation can contain fairly large 
amounts. These inorganic materials can cause catalyst deactivation and 
plugging. Thus, more efficient processes for their removal prior to 
further catalytic treatment are needed. 

Raw shale oil and some coal liquids are too viscous at ambient tem- 
peratures to be transported in unheated pipelines. In some cases, vis- 



The optimum degree of refining at the liquefaction site will depend 
largely on the particular materials to be handled. In many cases, it 
may be desirable to refine the liquids to the point at which they can 
be accepted by conventional petroleum refineries. There are a number of 
reasons why integrating these new raw materials into the existing large 
refineries should prove to be an economically optimal route. First, 
future limitations on total liquid fuel supply will very likely result 
in some large refineries running at lower total capacity. Second, the 
refining of coal and shale liquids along with conventional petroleum 
may well present special opportunities for optimization in the manufac- 
ture of products. 

A survey of industrial and government laboratory capabilities for 
carrying out R&D on the refining of coal and shale liquids shows that con- 
siderable work is in progress in this area. Responses from 29 companies 
indicate that more than 2000 persons are engaged in refining and product 
R&D in industry. About 10-20 percent of this effort is devoted to the 
refining of coal and shale liquids; however, the personnel and skills 
involved in petroleum-related process research can be easily transferred 
to the special problems of coal and shale liquids. Capabilities for ap- 
plied research and process development are quite limited in governmental 
laboratories. Considerable relevant basic research is being carried out 
in industrial laboratories, but the need for new approaches to refining 
coal and shale liquids calls for an augmented basic research effort. 

An increased effort is also needed to define the optimum product 
composition, taking into account future advances in combustion equipment 
as well as advances in refining technology. This effort would logically 
involve fuel manufacturers , engine and equipment manufacturers , and 
government supported research. Such a program has begun for commercial 
jet aircraft, but more needs to be done in other areas. 



HYDROGEN MANUFACTURE 

At present, most refineries do not require hydrogen manufacturing, since 
by-product hydrogen from gasoline manufacturing is adequate to meet petro- 
leum hydrotreating needs. Large scale introduction of raw synthetic fuels 
would require manufactured hydrogen, as would most coal liquefaction pro- 
cesses. Hydrocarbon gases are currently the most economic and efficient 
raw material for hydrogen manufacture, but conservation of this valuable 
resource will require the use of coal as a starting point for hydrogen 
manufacture. Using coal as a feedstock is less expensive than producing 
hydrogen by electrolysis or by current exploratory thermal techniques. 
While the need for more hydrogen in the refining of synthetic liquids is 
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optimizing and developing processes that are further down the road 
(e.g., air oxidation in multiple-f luidized-bed systems or the use of CO 
acceptors such as CaO or oxygen acceptors such as Fe). 



HEALTH AND ENVIRONMENTAL PROBLEMS 

The health and environmental problems posed by the refining of coal- and 
shale-based liquids and by their use by the consumer must be given care- 
ful study. Of greatest importance is the known ability of coal tars to 
cause skin cancers and possibly other cancers. This toxicity is due to 
the relatively high content of high-boiling poly nuclear aromatic and 
heterocyclic compounds. Shale oil and petroleum contain less of these 
substances; however, severe thermal treatment greatly increases their 
concentrations, and certain heavy fuel oils produced by severe cracking 
are sufficiently active that special handling is currently required in 
their refining and use. 

While there is considerable experience in the petroleum industry 
with handling such hazardous materials, introduction of coal- and shale- 
based liquids will require special attention to potential health prob- 
lems and to obtaining, through research, a detailed understanding of 
the hazards posed by carcinogens, co-carcinogens, and mutagens in such 
liquids. Refining techniques must be capable of reducing this toxicity 
to an acceptable level. Fortunately, hydrogenation appears capable of 
converting the toxic materials in these oils to nontoxic hydrocarbons 
of higher hydrogen content. A survey of research and development on 
shale and coal liquids in industry and in the national laboratories 
shows that considerable work is being carried out in anticipation of 
the need for handling techniques for these materials. Research related 
to this problem should obviously have a high priority. 

In the lower boiling range, the main health hazards have been identi- 
fied as the toxicity of single-ring aromatics (particularly benzene) and 
the toxicity, on ingestion, of products such as gasoline and kerosene. 
These hazards are essentially identical to those associated with today's 
petroleum-based fuels. 

Some raw shale oils have been found to contain amounts of arsenic 
sufficient to require removal before further processing or use. Handling 
and disposal of this arsenic is a relatively new refining problem that 
will require careful attention to avoid exposure during refining and 
long term environmental risk on disposal. 

Refining coal and shale liquids will produce by-products such as 
ammonia, phenols, and sulfur compounds. These materials are encountered 
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require improvement because of the higher nitrogen and oxygen contents of 
shale- and coal-based liquids. 



RECOMMENDATIONS FOR RESEARCH AND DEVELOPMENT 

1. More government support should be given to fundamental research 
on the basic chemistry of refining shale and coal liquids. The potential 
for carrying out the necessary research exists in the laboratories of 
industry, the universities, and the Department of Energy, but it needs to 
be funded at a higher level. 

2. Research in the environmental and health areas should be given 
high priority. The following problems are especially important: 

(a) Establishment of limits on the carcinogen contents of 
the various classes of fuels. 

(b) Establishment of appropriate handling procedures for 
the more toxic unrefined materials. 

3. Since the capabilities for applied research and development (as 
distinguished from basic research) are much stronger in industry than 

in government and university laboratories, major Department of Energy 
participation in this aspect of the effort is not indicated. The Depart- 
ment should continue to sponsor tests of processes developed by industry, 
however, as a way of assessing the state of the technology. 

4. A reduction in the total cost of refining shale and coal liquids 
should be a principal R&D objective. The hydrogen required to remove 
sulfur and nitrogen from these liquids and reduce their boiling points is 
responsible for a major part of this cost. The R&D necessary to improve 
the technology for producing hydrogen from coal and coal char should be 
sponsored by the Department of Energy. 

5. R&D aimed at establishing the optimum combination of fuel compo- 
sition and end-use equipment should be given high priority by government 
agencies. Full cooperation among government, the fuel industries, and 
the equipment manufacturing industries is essential. 

6. Basic and applied research relevant to the following refining 
needs is of high priority: 

(a) New methods for removal of nitrogen, oxygen, and sulfur 
from coal and shale liquids. Selective removal of 
oxygen and nitrogen is particularly important. 



removal. 

(d) New methods for manufacture of hydrogen. 

(e) The mechanism of deactivation of the catalysts used 
in removing nitrogen, oxygen, and sulfur. This will 
enable the development of longer-lived catalysts. 

(f) Mechanisms of the viscosity and solubility changes 
that occur during storage of coal and shale liquids, 
and additives to improve stability. 

7. Facilities are needed for the experimental refining of syn- 
thetic fuels in quantities sufficient for large scale testing. 



2 INTRODUCTION 



It is likely that synthetic fuels will begin to supplement petroleum- 
derived fuels in the next few years. This report considers the effects 
on refining requirements of introducing fuels derived from oil shale 
and coal. When the production and use of coal and shale derivatives 
get underway on a commercial scale, we shall begin to see many changes 
in products and end-use equipment. 

An examination of the problem involved in the introduction of fuels 

derived from coal and shale requires, at the start, an estimate of the 

type and quantity of liquid fuels that are going to be required in the 
future. This calls for: 

A projection of the petroleum supply 

A projection of the trends in liquid fuel end use 

A projection of the way fuel composition requirements are likely 
to change over the years with changes in end-use technology, 
changes in fuel sources, and changes in refining technology. 

The projections that were made in this study were based on the fol- 
lowing premises: 

The total supply of liquid fuels will become increasingly limited 
and expensive with time. 

There will be substantial .incentives to substitute other energy 
sources for liquid hydrocarbon fuels where economically and 
technically feasible, and consequently important shifts may 
occur in the types of liquid fuel used. 

Control of health-related emissions will result in an increas- 
ingly strict control of sulfur and nitrogen compounds in all 
fuels, particularly those that are carcinogenic. Attention will 
also be given to the hydrogen content of fuels because of its 



PROJECTION OF THE PETROLEUM SUPPLY 

The annual world production of petroleum is expected to continue to 
outrun discovery rate during the 1980s and beyond (Figure 1). Taking 
into account the discovery rate of new reserves and the rate at which 
available reserves are used, the production rate will begin to limit con- 
sumption increasingly severely between 1980 and 2000, with the severity 
depending on OPEC pricing and production policies (Figure 2). 

With the supply of petroleum becoming limited and its price increas- 
ing, we should soon begin to see the replacement of liquid fuels with 
other forms of energy where practical. In stationary equipment, we can 
expect a switch to solid and gaseous fuels, electricity, and solar energy, 
In the transportation sector, however, the reliance on liquid fuels is 
likely to continue for at least 25-50 years with some use of electricity 
in public transport and automotive systems (General Motors, 1974; 
Sheridan et al, 1976; National Research Council, 1979). 

A wide variety of predictions of future petroleum use is available 
(Dupree and Corsentino, 1975; U.S. Department of Commerce, 1977; National 
Research Council, 1980). The values used here presume a reasonably 
orderly world economic system and a drive for conservation tempered by 
economic considerations and a general reluctance to drastically change 
present lifestyles. The values imply, for example, a slow phase-out 
of oil use in power generation, allowing the normal retirement of oil- 
burning power plants; they also assume a less drastic reduction of 
fuel use in automobiles than is found in the more extreme forecasts. 

An examination of recent U.S. trends in the use of petroleum 
fuels should help provide an insight into whether other energy forms 
can be substituted for liquid fuels and, if not, the kinds of non- 
petroleum fuels that may be required. This is done in Chapter 3. 

As the current surplus refining capacity for petroleum-derived 
fuels becomes supply-limited, the price of petroleum should increase 
relative to those of other commodities; liquid fuels from shale and 
coal might then then become an efficient and economical supplement. 

MAXIMIZING EFFICIENCIES 

With petroleum fuels, the emphasis in efficiency improvement has been 
placed on the end user because of the relatively low expenditure of 
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Figure 1 World oil discovery and production rates from 1930 to 2000, 
excluding the People's Republic of China, the Soviet Union, and Eastern 
Europe (Exxon, 1980) 
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Figure 2 Projections of world petroleum demand to 1999 and supply to 
2025 (Workshop on Alternative Energy Strategies, 1977) 



energy involved in removing crude oil from the ground, delivering it 
to the refinery, refining it, and distributing the products to users. 
The emphasis will change dramatically as we shift from petroleum to 
oil shale and coal as sources of liquid fuels for transportation. The 
estimated conversion efficiencies (the percentage of the Btu's in the 
original feeds that remains in the products) for producing liquid fuels 
from oil shale and coal are substantially lower than those involved 
in using petroleum as a source (Figure 3). The energy expended for 
a given output can vary greatly, depending on the sulfur, nitrogen, 
aromatic, and ash contents of the coal and shale liquids, as well as 
their distillation properties and the degree to which these liquids 
are refined. This also raises the possibility of increasing the overall 
energy efficiency by modifying or developing engines and stationary 
combustion systems for the use of shale and coal liquids in the "least 
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LIQUID FUELS FROM OIL SHALE AND COAL 

Pioneer production of coal and shale liquids is expected to begin in 
the mid-1980s, with substantial production by the end of the century. 
By the year 2025, there is the possibility that half of the U.S. liquid 
fuel production will come from these sources. While such predictions 
cannot be made with any precision, it is nevertheless clear that it 
will be some time before important quantities of liquid fuel are derived 
from coal and shale. 

There are major differences among the various crude liquids ob- 
tained from coal and shale. One is hydrogen content. The atomic 
hydrogen /carbon (H/C) ratios for coal liquids vary between 1.0 and 
1.2, and the atomic H/C ratios for shale oil and petroleum crudes vary 
between 1.6 and 1.8. Typical liquid fuels in use today fall in the 1.7- 
1.9 range. While the relatively low hydrogen contents of aromatic fuels 
may be advantageous for use in engines that require higher octane gaso- 
lines, diesel engines and home heating furnaces have difficulty burning 
fuels in which the H/C ratio is low. Hydrogen can be added to coal 
liquids to increase the H/C ratios, but this is expensive and wasteful 
of energy. The thrust of future technology will be toward a more effi- 
cient use of hydrogen to achieve a given product composition. 

As coal and shale liquids come into use, they will replace petro- 
leum in different applications with varying degrees of suitability, as 
indicated in Table 1. Petroleum will, of course, be best suited for all 
its present uses, since these were developed around petroleum, but 
petroleum components now used for heavy fuel oil will be converted 
to more highly refined products (e.g., aliphatic petrochemicals and 
olefins for plastics); these can be produced more economically from 
the heavier petroleum components than from shale and coal liquids. 
Coal liquids, because of their high aromatic contents, will be excel- 
lent sources of gasoline and could be preferentially used for this 
purpose; their low hydrogen contents will also make them useful for 
the production of heavy fuel oil. Shale liquids will generally fit 
the same use patterns as petroleum and should be useful for the pro- 
duction of jet and diesel fuels. 

Coal or coal char can also be converted to a CO/H2 mixture which 
can, by catalytic conversion, be made to yield a variety of hydrocar- 
bons, alcohols, and chemicals. If fuels high in hydrogen are required 
from coal, this "indirect" liquefaction might provide the most appro- 
priate route. Aromatic gasoline components can also be produced by 
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The total refining capacity in the United States is not considered 
likely to increase appreciably for a number of years. There will be 
little incentive to build expensive new refineries since it should be 
possible to convert a refinery from petroleum to coal and shale liquids 
with the addition of hydroprocessing and other facilities. After appro- 
priate feed hydrotreating, existing petroleum conversion and separation 
processes can also be used for coal and shale liquids. 
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onpetroleum fuels have been considered for transportation many times in 
he past. Germany produced liquid fuels from coal during World War II 
nd South Africa is doing so today. Oil has been produced from shale 
n the Soviet Union, Scotland, Brazil, and elsewhere. It is now quite 
lear that a major effort must be mounted to prepare the United States 
or the production and use of these fuels during the rest of this century. 

In evaluating what must be done to adapt the transportation system 
n the United States to the use of liquids from coal and/or oil shale, a 
umber of questions must be answered. 

What kinds of liquid fuels will be required during the years 
ahead? This question can be answered by examining the types of 
engines and vehicles that will use these fuels. Most of the 
engines now in use are spark-ignition and compression-ignition 
(diesel) engines. The conventional fuels used by these engines 
are gasoline and diesel fuels, both produced from petroleum. New 
fuels that can be produced from petroleum, coal, and oil shale 
will be suitable for today's engines only if they closely resemble 
the gasoline and diesel fuel currently in use. If they differ, 
however, they may still be usable in modified versions of current 
engines as well as in unconventional engines such as gas tur- 
bines, Stirling engines, and some stratif ied-charge engines. 

How will the new fuels be introduced? Will the liquid fuels pro- 
duced from coal and shale be intended for use with conventional 
as well as new engines, or will they be intended only for use in 
new engines? If the former is the case, it may preclude radical 
changes in fuel quality or composition that might allow the over- 
all optimization of costs and energy use. If the latter is the 
case, it would require the development of new engines and vehicle 
systems, limiting the rate at which the new fuels could be put 

to use. 

To what extent can liquid fuels derived from coal and oil shale 
be substituted for petroleum fuels now used for residential and 
industrial purposes and for electricity generation by utilities? 
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Liquid fuels now used for electric power generation consist mainly of 
high-boiling-point (No. 6) fuel oil. While this petroleum fraction 
contains none of the lower boiling fractions used in the major transpo 
tation systems, modern refining technology can convert the high-boilin 
fraction to clean lower boiling fractions more efficiently than it can 
refine coal and shale liquids. As the liquid fuel demands of transpor 
tion increase over the years ahead, we will very likely see a shift of 
petroleum use from the utilities to transportation, with oil shale and 
coal providing the fuel for electric power generation. Coal, of cours 
can be used directly as a utility fuel, but converting existing plants 
from liquid and gaseous fuels to coal is difficult and expensive. Ele 
trie power plants now in operation may be able to switch to relatively 
unrefined coal liquids and shale liquids more easily than they can 
switch to coal. The use of liquid fuels makes it easier to meet emiss 
standards. 

With new power plants the situation is different. In a new plant 
coal and nuclear energy offer the advantage of being more economical 
than liquid fuels. 



The Industrial Sector 

The oil now used for industrial purposes is, like utility fuel, compos 
largely of the higher boiling fractions. The trend in the energy cons 
ing industries will be much like that in the utilities. The use of 
oil will peak over the near term as it replaces gas and then decline 
as it, in turn, is replaced by coal. 



The Buildings Sector 

In commercial and residential buildings, the replacement of gaseous an 
liquid fuels with coal is not generally practical; the trend toward 
electric heating will result in the greater use of coal and nuclear 
power, however. The use of liquid fuels in buildings will therefore 
level off or slowly decline over the next two decades. 



Nonenergy Uses 

In contrast to fuel use, the nonenergy use of petroleum and other liqu 
hydrocarbons (as petrochemical feedstocks, asphalt, etc.) is expected 
to grow rapidly. For example, the use of plastics to reduce the weigt 
of automobiles should increase, resulting in a lower use of petroleum 



Because of its composition, shale oil is a possible substitute for 
petroleum in the production of olefins for plastics. Coal would have to 
be put through drastic conversion processes to produce the monomers 
needed for plastics (e.g., gasification followed by Fischer-Tropsch 
synthesis) . 



The Transportation Sector 

The quantity of liquid fuel used in the transportation sector is a major 
percentage of the total quantity produced. While this percentage will 
decline over the near term, it may increase slowly after 1990 as the 
increasing use of liquid fuels by trucks and airlines more than makes up 
for the decline in fuel use by passenger cars. 

The future use of fuels by automotive vehicles will depend on the 
following variables: 

Fuel economy standards for passenger cars, light-duty trucks, and 
heavy-duty trucks 3 " 

The mix of fuels (gasoline or diesel oil) used by each class of 
vehicles 

The number of miles traveled per year by each vehicle 

The number of vehicles in use 

Vehicle sales and scrappage rates. 

Recent forecasts of gasoline demand are shown in Figure 4. There 
appears to be a general consensus that gasoline consumption will decline 
during the 1980s as a result of the mandated fuel economy standards. 
Forecasts have not been made beyond 1990 because of the uncertain nature 
of the standards that might be mandated beyond 1985. 

Two important points should be made about the gasoline demand projec- 
tions in Figure 4: 

These projections indicate trends; they should not be considered 
immutable. 



a Federal standards for the fuel economies of passenger cars have been 
established through 1985. Standards for the fuel economies of light-duty 
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used by heavy-duty trucks will probably be leaded as long as 
emission standards do not preclude its use, but most heavy-duty 
trucks will probably continue to be built with diesel engines. 

The increasing use of diesel engines in heavy-duty trucks, the 
trend toward diesel-powered passenger cars and light-duty trucks, and the 
continued use of distillate fuels in trains and aircraft will result 
in a greater demand for distillate fuels in the future, affecting the 
gasoline/mid-distillate fuel ratios required from petroleum and nonpetro- 
leum resources. 

Projections of fuel use by aircraft vary widely, but it is generally 
agreed that fuel use in this mode will grow more rapidly than in the 
other transportation modes. 



TYPES OF LIQUID FUELS REQUIRED 

The discussion of fuel types can be simplified by dividing them into 
three major categories, according to their boiling points (Table 2). 



Heavy Fuel Oils 

The heavy fuel oils are the least refined of liquid fuels. Shale and 
coal liquids may require the removal of organic nitrogen. The higher 
boiling fractions must be used in installations where human contact 
can be carefully controlled, because of their substantially higher car- 
cinogenicity (particularly in the coal-based liquids and the intensely 
pyrolyzed petroleum-based fractions). The use of heavy fuel oil is now 
rising rapidly but is expected to fall considerably in the future as it 



Table 2 Boiling ranges of fuel types 



Fuel types Boiling range (F) 

Heavy fuel oils 700+ 

Mid-distillates 350-700 

Gasoline 80-440 



No. 6 fuel oil from petroleum are outlined in Table 3.) 



Mid-Distillates 

This category consists primarily of kerosene, jet fuel, diesel J 
and No. 2 (domestic) heating oil. The initial boiling point is 
safety considerations and is defined by a "flash point" specific 
that ranges between 100F and 140F, depending on the applicati( 
The final boiling point has historically been determined by free 
point or viscosity considerations, since these fuels are used d\ 
the winter and are stored outside. 

Kerosene and jet fuel must, at present, have high hydrogen 
to reduce soot formation, in current combustion equipment. Thii 
ment results in an aromatic content specification under 25 perce 
The hydrogen content of diesel fuel need not be so high, but it 
high enough for easy ignition in passenger car and truck engine* 
limits the aromatic content to around 35 percent. Home heating 
(No. 2) requires still less hydrogen, but in current practice is 
duced with an aromatic content only slightly (5-10 percent) higl 
that of diesel fuels to avoid problems with soot and smoke forme 

In all cases, the nitrogen content must be kept low to avo: 
and deposits during storage and use. The sulfur content must b< 
below 0.5 percent to meet current SO X emission standards. 



Gasoline 

Although there is some overlap in the boiling ranges of gasolim 
mid-distillates, gasoline is basically a volatile fuel that peri 
cold starting and reasonably complete evaporation before ignitii 
a result of the high vapor pressure of its lower molecular-weig] 
ponents. Unlike mid-distillate performance, gasoline performan< 
improved by the inclusion of aromatics; consequently, much of m< 
gasoline refining technology centers on the conversion of paraf: 
naphthene into high-octane aromatics. 



The conversion requirements of a refinery are determined b 1 
line /mid-distillate ratio. In the past, the large demand for gl 
the United States has dominated production, the demand for mid-< 
being relatively easy to meet from naturally occurring petroleui 
tions and products incidentally produced during gasoline product 

This balance is expected to change drastically in the futu: 

the end Of the rpnl-iirv am-vr/-^/-^,? o^ *-U~ .,. J ] .c__. . . i 



Combustion Properties 

Coal liquids produce fewer large particulates because fuel can vapor- 
ize during combustion. 

Coal liquids have a greater tendency to form soot because of their 
lower hydrogen contents. 

Coal liquids produce a more luminous flame due to their lower hydrogen 
to carbon ratio; this produces a different heat transfer balance. 

Emissions 

Coal liquids contain less sulfur than most unprocessed petroleum fuel 
oils . 

Coal liquids produce more NO because of their higher organic nitrogen 
content (0.5-1.5 percent compared to 0.1-0.5 percent for petroleum- 
derived fuel oil). 

Conventional oil-burning equipment will generally exceed NO and par- 
ticulate emission standards when using coal liquids, but control 
technology is being developed. 

Toxicity 

Coal-based fuel oils contain higher concentrations of skin carcinogens 
than virgin petroleum and will probably require special handling. 

Stability 

Coal liquids tend to polymerize and increase in viscosity during 

storage. 
Deposits in atomizing nozzles are a greater problem with coal liquids. 

Compatibility 

Since mixtures of petroleum-based and coal-based fuel oils form precip- 
itates, separate storage and handling facilities will be required. 



Table 4 gives a projection of changes in the gasoline /mid- 
distillate fuel ratio, assuming moderate use of diesel engines in 
passenger cars. Major substitution of diesel engines for gasoline 
engines could bring a gasoline/mid-distillate ratio as low as 0.6 
by the year 2000. 

The large shift in this ratio over the years ahead should make it 
basically easier to meet the demand for high-aromatic, high-octane gaso- 
line (assuming paraffinic naphthas can be used as petrochemical feed- 
stocks). Meeting the demand for high quality mid-distillates, on the 
other hand, will become increasingly difficult and expensive because 
hydrogen-consuming processes (e.g., hydrocracking and hydrogenation) 
will be required. The future would be difficult even if sufficient 
quantities of petroleum were available as the major refinery feed; 
the switch to low-hydrogen coal and shale liquids will make the pro- 
duction of conventional mid-distillates even more difficult. 

The higher cost of tailoring coal-derived and shale-derived fuels 
to end-use equipment designed for petroleum products will provide a 
major incentive to the development of end-use equipment capable of 
burning low-hydrogen mid-distillates cleanly. Along with this will 
come the need for refining technology optimized for producing these 
fuels. 



Table 4 Projection of future gasoline /mid-distillate ratios 



Year Gasoline/mid-distillate ratio 



1975 


1.7 


1980 


1.5 


1990 


1.2 


2000 


1.0 


2000+ 


0.5-1.0 



Source: Shearer and Wagner (1977), 



ithanol will otter additional options tor adjusting the match be- 
i fuel production and consumption. 



FUTURE TRANSPORTATION FUELS 

jrobleras likely to be met in developing nonpetroleum fuels for 
Ln transportation during the years ahead are discussed under the 
ywing headings. 



Gasoline 

Line and the spark-ignition (Otto cycle) engine have evolved to 
: current forms over a period of time. The process has been one of 
al adaptation as gains were made with one or the other, or as re- 
iments changed (e.g., the need for unleaded gasoline when emission 
iards necessitated the use of catalytic converters). The mutual 
:ation between engines and fuels will very likely continue as non- 
fuels come into use. 



The standards currently specified by the American Society for Test- 
and Materials for automotive gasoline, given in ASTM D 439-79, do 
completely define gasoline but, rather, describe various characteris- 

of gasolines for use in cars, trucks, and buses over a wide geo- 
lical range. 

The key properties described in ASTM D 439-79 for gasoline are the 
Dwing: 

Octane quality (including the concentration of antiknock 
additives ) 

Vapor pressure 

Vapor-liquid ratio 

Distillation characteristics 

Oxidation stability 

Corrosion characteristics 

Existent gum 

Sulfur content. 



mers and may be precursors in the generation of polynuclear aromatic 
hydrocarbons during combustion (although this may not be a problem for 
engines equipped with catalytic converters). 



Diesel Fuel 

Diesel engines, now used primarily in trucks, buses, trains, tractors, 
and stationary engines, may begin to find increasing use in passenger 
cars as the automotive industry attempts to comply with federally man- 
dated fuel economy and emission standards. Like gasoline, diesel fuels 
have evolved through the mutual adaptation of fuels and engines over 
a long period of time, and this interaction will undoubtedly continue 
when nonpetroleum fuels are introduced. 

The standards currently specified for diesel fuel in ASTM D 925-77 
are not a complete definition but, like the ASTM standards for gasoline, 
describe the characteristics required for the use of this fuel under a 
wide range of conditions. The key diesel fuel properties described 
in ASTM D 925-77 are as follows: 

Cetane quality 

Distillation characteristics 

Viscosity 

Carbon residue 

Sulfur content 

Flash point 

Cloud point 

Ash content 

Copper strip corrosion. 

Nitrogen content will become an important property when diesel fuels 
are produced from oil shale and coal, since there are indications that 
high nitrogen contents degrade the stability of diesel fuels and raise the 
tendency to form acids. 

Aviation Fuel 



lower freezing point (-54F, as against -40F). The lower freezing point 
makes the new fuel more difficult to produce. 

The amount of jet fuel needed at present can be supplied without 
difficulty, generally, but the demand is approaching the point at which 
it could interfere with the production of other mid-distillate products. 
An increase in jet fuel demand together with an increase in diesel fuel 
demand will tend to force the use of cracked stocks with higher aromatic 
contents. The cost and complexity of producing jet fuel over the years 
ahead could be eased considerably by raising the freezing point (allow- 
ing the inclusion of components with higher boiling points) and de- 
creasing the hydrogen content requirement. The latter would be helpful 
when coal and shale liquids need to be used. 

With air transportation particularly vulnerable to the cost and 
supply of fuel, there is much to be gained from examining the trade-offs 
involved in the development of aircraft that can use fuels with less 
stringent specifications. To allow laboratories and contractors to focus 
on the research, development, and design problems involved in optimizing 
fuel/aircraft combinations for the future, NASA held a workshop in June 
1977 (National Aeronautics and Space Administration, 1977) at which speci- 
fications for a new jet fuel for research purposes were agreed upon by 
representatives of the airlines, the airframe and engine industries, 
the fuel producers, and various government agencies. The characteristics 
of this fuel, designated as Experimental Referee Board-Specification 
(ERBS) jet fuel, are listed in Table 5. 

One of the most important changes made was a reduction of the hydro- 
gen content to 12.8 percent; the aromatic content of 35 percent is sub- 
stantially different from the specified 20-25 percent for Jet A. This 
change will allow the use of cracked petroleum stocks and materials 
manufactured from coal and shale, greatly improving the flexibility of 
jet fuel manufacture. 

The second most important change was the raising of the freezing 
point from -40F to -20 F, allowing the use of higher boiling point com- 
ponents than those used to produce Jet A and further increasing the 
flexibility of manufacture. 

The characteristics of ERBS jet fuel approach those of a high-quality 
diesel fuel, but the severe thermal stability requirements will necessitate 
hydrotreating and the almost complete removal of organic nitrogen. The 
hydrotreating processes now available will be adequate when petroleum is 
used as a base, but more efficient processing will be desirable when coal 
and shale liquids are used to produce this fuel. 
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comparison 



Specifications 


ASTM 
Jet A 


ERBS 
Jet Fuel 


Prof 
test 


Composition 




_i_ 




Hydrogen, wt % 





12.810.2 


N> 


Aromatic carbon, vol % 


25 max 


Report 


ASTM 






(35 typical) 




Sulfur, wt % 








Mercaptan 


0.003 max 


0.003 max 


ASTM 


Total 


0.31 max 


.3 max 


ASTM 


Nitrogen, wt % 





Report 


Kjel 


Naphthalenes, vol % 





Report 


ASTM 


Hydrocarbon composi- 








tional analysis 


__ 


Report 


G.C. 


Volatility 








Distillation tempera- 








tures, F 








Initial boiling point 





Report 


ASTM 


10% 


400 max 


400 max 




50% 


450 max 


Report 




90% 





500 min 




End point 


550 max 


Report 




Residue, percent 


1 .5 max 


Report 




Loss, percent 


1.5 max 


Report 




Flashpoint, F 


105-150 


110+10 


ASTM 


Gravity, API at 60F 


39-150 


Report 


ASTM 


Gravity, specific 








(60/60F) 





Report 


ASTM 


Fluidity 








Freezing point, F 


-40 


-20 max 


ASTM 


Viscosity, cSt a at 








-10F 





12 max 


ASTM 


Net heat of combustion, 








Btu per pound 


18,400 min 


Report 


ASTM 


Thermal stability* 3 








Breakpoint temperature, F 





400 min 


ASTM 



Centistokes. 



ERBS-type jet fuel will very likely preclude its use in the present fleet, 

The new fuel must be considered for use over the long term as the next 

generation of aircraft comes into use. If it is decided not to proceed 

with the new fuel, the production of the present type of jet fuel from 

oil shale and coal will require the introduction of hydrogen-intensive 

processing or, in the long run, the synthesis of paraffinic Fischer- 
Tropsch liquids from coal. 



FUTURE AUTOMOTIVE ENGINES AND THEIR FUEL NEEDS 

Table 6 lists a variety of future engine possibilities and their poten- 
tials for use in passenger cars, trucks, and farm machinery. Table 7 
indicates the relaxation in fuel properties that may be possible with 
these engines. 

A brief discussion of the fuel requirements for each of the engines 
follows. 



Homogeneous -Charge Spark-Ignition Engine (Carbureted) 

Since a decrease in the volatility of gasoline impairs vehicle perfor- 
mance, no significant reduction in volatility can be permitted in substi- 
tute fuels for carbureted spark-ignition (SI) engines. If a separate 
fuel and fuel system were used for cold starting, front-end volatility 
requirements for the main fuel might be relaxed somewhat, but mid-range 
and back-end volatility similar to that for present-day gasoline would 
still be required. Dual-fuel systems have never proven practical, however, 

The need to maintain fuel octane quality at or near the present 
level will place an additional strain on the fuel industry over the near 
term. As it is now, the unleaded octane pool needs to be increased to at 
least a 91 research octane level from its current level of 88-89 because 
new cars and light-duty trucks are being designed to use 91 octane fuel. 

If spark-ignition engines continue to be designed for this type of 
fuel, gasoline feedstocks derived from coal and shale liquids will have 
to be capable of providing the required octane quality. The high aroma- 
ticity of coal-derived materials is expected to make it possible to use 
them for the production of high-octane gasoline if the systems exposed 
to the fuel are designed with elastomers and other materials that are 
impervious to aromatics. The high aromaticity of gasoline from coal 
may make it possible to design more efficient engines with higher octane 
requirements than those of today (Longwell, 1978). 



Engine Small Large Heavy trucks 

passenger passenger cars and large 
cars and small trucks farm machinery 



Homogeneous -charge 

spark-ignition XXX XX 0_ 

Diesel .XX XXX XXX 

Direct injection 

stratified-charge XX X X 

Gas turbine OX XX 

Stirling X XX X 

a 

XXX: significant number; XX: moderate number; X: low number; 0: none 

Underscore indicates engine currently used in this application. 



The need to maintain high octane quality and volatility may preclude 
major changes in other properties of synthetic fuels, however. Octane 
and/or volatility requirements may, for example, limit the extent to 
which the viscosity might be increased. This difficulty could be dealt 
with by redesigning carburetors, provided the variations between batches 
of fuel are not excessive. New fuel metering systems, such as the compu- 
ter-controlled, low-pressure throttle-body injection systems introduced 
in 1980 and 1981 model cars, may further increase the spark-ignition en- 
gine's flexibility in handling fuels of varying viscosity and volatility. 

A somewhat higher nitrogen content in a synthetic fuel could prob- 
ably be handled within the constraints of present emission standards and 
engine durability requirements, but very high nitrogen and sulfur concen- 
trations in coal and shale liquids may introduce difficulties in the re- 
fining processes, just as in the refining of petroleum. 



Homogeneous -Charge Spark-Ignition 
Engine (Timed Fuel Injection) 

Fuel volatility requirements may be reduced in timed-fuel-injection 
engines. In a carbureted eneine. the fuel must hp volat-ilp pnnnoh tr> 



pressure injection of fuel into each inlet port or cylinder in a fuel- 
injection engine reduces the distribution problem but a certain degree 
of front end volatility is still necessary for starting a cold engine. 
A separate starting fuel of high volatility would allow the volatility 
specification of the main fuel to be greatly relaxed, but dual-fuel 
systems have not proven practical to date. 

The viscosity of a fuel could be greater and more variable for a 
fuel-injection engine than for a carbureted engine, but the fuel octane 
quality would need to be maintained. This could effectively limit an 
increase in viscosity and decrease in volatility for synthetic fuels, 
as it does in most cases for petroleum-derived fuels. 

This engine's ability to tolerate the higher concentrations of 
nitrogen, sulfur, ash, and aromatics in synthetic fuels will be the 
same as that of the carbureted spark-ignition engine, and the same poten- 
tial interactions of these properties with octane quality would apply. 



Compression-Ignition (Diesel) Engine 

Diesel engines can use fuels with a wider range of properties than 
spark ignition engines. Although there is evidence that smoke, particu- 
lates, odor, and hydrocarbons increase with lower fuel volatility, the 
engine could probably tolerate less volatile fuels. The sulfur content 
of diesel fuels approaches the one percent level in some foreign coun- 
tries and has been associated with accelerated engine corrosion and 
wear. As indicated earlier, high nitrogen levels can cause problems. 

A high ash content in synthetic diesel fuels would be undesirable, 
because it could not only increase combustion chamber deposits and con- 
tribute to particulate emissions but also clog fuel injectors. 

The ignition quality (cetane index) of future diesel fuels should 
remain at or near current levels, particularly for fuels used in the high- 
speed diesels produced for passenger cars and light-duty trucks. High 
aromatic levels can be tolerated in diesel fuels, but they generally 
decrease ignition quality and increase exhaust smoke. 

An increase in viscosity may degrade fuel atomization in the combus- 
tion chamber, but higher injection pressures likely in future engines, 
particularly in open-chamber designs, should counteract the effects of 
higher viscosity in fuels derived from coal and shale. The lubricity of 
diesel fuels should remain high to protect fuel-injection system com- 
ponents. 



Conventional Engines 

Homogeneous -charge SI 
engine (carbureted) 



Current 
gasoline 



Homogeneous -charge SI Current 
engine (fuel-injected) gasoline 



Compression-ignition 
engine (diesel) 

Unconventional Engines 



Current diesel 
fuel //I or #2 



No change 



Lower 



Lower 



Higher 
Higher 
Higher 



DISC (PROCO) engine 


Current 


Lower 


Higher 


(stratified-charge) 


gasoline 






DISC (Texaco) engine 


Distillate, 


Lower 


Higher 


(stratified-charge) 


current 








gasoline" 






Gas turbine 


Distillate, 


Much 


Much 




current 


lower 


higher 




gasoline 






Stirling engine 


Distillate, 


Much 


Much 




current 


lower 


higher 




gasoline * 







Assuming "tolerable" relaxations in the properties of future fuels rela- 
tive to the properties of "desirable fuels." There are reasons to believe 
that changing fuel properties in the directions indicated may result in 
an increase in overall energy efficiency; no energy savings would be antic- 
ipated for property changes in the opposite direction, and energy losses 
would probably result. 

Cetane rating. 

Q 

Higher sulfur content could adversely affect performance of catalytic 
emission control systems, especially the new three-way catalyst systems. 



Broad-cut distillate, diesel fuel, kerosene, or jet fuel. 



Fuel characteristics 



Aromatic 
content 


Impurity Content 


Octane 
rating 


Ignition 
quality b 


Sulfur 


Nitrogen 


Ash 


Higher 


Higher 


Higher 


No change 


No change 





Higher 


Higher 


Higher 


No change 


No change 





Higher 


Higher 


Higher 


No change 





No changi 


Higher 


Higher 


Higher 


No change 


Lower 





Higher 


Higher 


Higher 


No change 


None 
required 


None 
required 


Higher 


Much 
higher 


Much 
higher 


Higher 
(not heavy 
metals) 


None 
required 


None 
required 


Higher 


Much 
hi ghe r 


Much 
higher 


Higher 


None 
required 


None 
required 



used to achieve stratification of the fuel-air mixture. Although diesel 
engines incorporate charge stratification, this discussion is limited 
to spark-ignition engines. 

The stratified-charge spark-ignition engines on the road today use 
a prechamber to separate the rich mixture (where combustion is initiated) 
from the remaining lean mixture. The fuel requirements of these engines 
are not significantly different from those of the spark-ignition engines 
already discussed. 

Stratified-charge engines in which fuel is injected into an undi- 
vided combustion chamber have the potential for tolerating a wider range 
of fuel properties than other spark-ignition engines, however. There 
are two distinct types of engines in this direct-injection category, 
described next. Neither is available to the public in production automo- 
biles. 



Direct-Injection Stratified-Charge (DISC) Engine (PROCO) 

In the PROCO ("programed combustion") engine undergoing development by 
the Ford Motor Company, the fuel is injected halfway through the com- 
pression stroke into a high-intensity swirl set up during the air-intake 
stroke, and the fuel-air mixture ends up (toward the end of the compres- 
sion stroke) in a cup in the piston where it is ignited. With the rela- 
tively high turbulence in the fuel-air mixture, it burns rather quickly 
and, as a result, detonation (knocking) does not occur at the compression 
ratios at which it begins to be a problem in conventional spark-ignition 
engines. Instead of using this feature to lower the octane requirement 
of the engine, the PROCO engine takes advantage of it by raising the 
compression ratio to about 11:1, thereby increasing the power output 
for a given engine displacement and increasing the efficiency of energy 
use. 

The other fuel property requirements for this engine are about the 
same as for other direct-injection spark-ignition engines. 



Direct-Injection Stratified-Charge (DISC) Engine (Texaco) 

This engine has been undergoing development by Texaco (and others) for 
more than 30 years. A high-velocity air swirl set up in the cylinder 
during induction persists through the compression stroke and, as the 
piston nears top center, is compressed into a cup in the piston. When 
fuel is injected into the air (in the same direction as the swirl), a 
combustible mixture forms almost immediately at the edges of the spray 
where ignition is initiated (by a spark gap located just downstream of 



The problem of unreliable spark ignition that has sometimes been ob- 
served with this type of engine cannot be attributed entirely to the 
properties of the fuel. The degradation in performance of the fuel- 
injection and spark-ignition systems and the difficulties encountered 
in operating over wide ranges of engine speed and load are more likely 
causes. Since all portions of the fuel-air mixture are burned essen- 
tially as soon as they are formed, no end gas region exists and the 
engine has no octane requirement. Since a high-energy spark minimizes 
ignition delay, the engine has no cetane requirement. Other fuel 
property requirements are about the same as for the diesel engine. 



Open-Cycle Gas Turbine 

The open-cycle gas turbine has no octane or cetane requirements. It 
can use a wide range of fuels; the only essential requirement is that 
the fuel flow adequately at the lowest temperature encountered in ser- 
vice. Since a relatively long time is available for ignition at start-up 
(far more than that available during each cycle of a diesel or spark- 
ignition engine), fuel volatility is relatively unimportant. 

The gas turbine can also tolerate significantly higher quantities 
of impurities (e.g., nitrogen, sulfur, and ash) than those in current 
automotive fuels and still operate within the constraints of exhaust 
emission standards, although higher contents of heavy metals could in- 
crease corrosion. 

Fuels with a high aromatic content would cause higher combustor skin 
temperatures (because of the increased radiation from the flame) as well 
as increased soot and smoke formation, but these problems can be solved 
by redesigning the combustor. 



External Combustion Engines: 
Stirling, Rankine, and Closed-Cycle Gas Turbine Engines 

These continuous-combustion engines should be able to burn any liquid 
hydrocarbon fuel that can flow adequately at the lowest temperature en- 
countered in service. 



SURVEY ON COMPATIBILITY OF FUTURE AUTOMOTIVE FUELS AND ENGINES 

To obtain some insight into the problem of matching fuels to engines, 
letters were sent to a representative group of experts in automotive and 



There was no unanimity on whether "less refined" fuels from coal 
and oil shale should be investigated for use with current and future 
engines. Some believed that efforts should be directed toward producing 
fuels that are essentially identical to the gasolines and diesel fuels 
in use today. Others thought there was considerable merit in trying to 
use less refined fuels and that broad-boiling-range fuels should be in- 
vestigated for use in stratif ied-charge engines, Stirling engines, and 
gas turbines. The fuel properties of greatest concern were the sulfur, 
nitrogen, and aromatics contents. 

Many of the respondents believe that spark-ignition and diesel en- 
gines will continue as the major automotive power plants through the end 
of the century, with their fuel needs dictating the kinds of oil-shale- 
and coal-derived fuels that might be used. They also believe that engine 
with less stringent fuel requirements (e.g., the Stirling engine and gas 
turbine) will not see much use prior to the 1990s. 



NATIONAL RESEARCH COUNCIL 

ASSEMBLY OF ENGINEERING 

2101 Constitution Avenue Washington, D. C. 20418 



October 28, 1977 



Dear Sirs: 

At the request of the Department of Energy (formerly ERDA) the 
National Research Council has formed an ad hoc panel to investigate the 
research and development needs related to the refining of synthetic crude 
oils obtained from coal and oil shale. The specific objective of the 
ad hoc panel and the current composition of the panel are given in the 
attachments to this letter. 

The panel, in reviewing its assignment, has recognized that poten- 
tially significant energy and presumably economic savings are possible 
if future transportation engines can be designed to operate satisfactor- 
ily on fuels from coal and oil shale that do not have to be refined to 
the same extent as current fuels from petroleum. 

The major product output from, the refinery will be liquid fuel for 
transportation. To ensure that the refinery is properly designed to 
support the optimum fuel/engine combinations, anticipating engine changes 
that could use less well refined fuel that will be in use about 2000 A.D., 
the panel has decided to ask experts about their opinions on the quality 
of fuels that will be required for the kinds of engines expected to be 
in use by then. Considering your background and experience regarding 
the matching of automotive fuels and engines, would you please project 
the fuel specifications that you believe will be required for the engines 
that will power our land-based transportation systems by 2000 A.D. These 
engines include: spark ignition; diesel; stratified charge; gas turbine; 
Stirling; and any other engines. 

In looking at fuel quality projections, the following should be 
considered: distillation characteristics; vapor pressure; impurities 
(sulfur, nitrogen, ash) content; aromatic content; octane and/or cetane 
quality. This is obviously not an all-inclusive list, and you should 
include anv other fuel properties that you believe will be important. 



your expected changes in fuel properties to those of current specifica- 
tions (ASTM or other) for the fuels involved. 

I would appreciate it if we could receive your response by November 
18, 1977. This would give the panel a chance to review and summarize the 
responses prior to its meeting in early December. I recognize that we 
are asking you to spend some time essentially peering into your crystal 
ball. However, I expect that it will turn out to be time well spent if 
we can get our nation started on the right track toward generating the 
best fuels for transportation's use in the next century. 

Thank you for your cooperation. 

Sincerely yours, 



John 0. Berga 
Executive Director 

JOB/vs 
Attachments 



Attachment to letter: 



STATEMENT OF TASK 



Panel on R&D Needs in Refining Coal and Shale Liquids 

The objective of this contract is to define the research and develop- 
ment needs in refining coal and shale liquids to a product slate empha- 
sizing transportation fuels and other distillable fuels. 

Survey the program currently underway on processing techniques appli- 
cable to coal and shale upgrading. Programs are currently supported by 
ERDA, Department of Defense, the Electric Power Research Institute (EPRI) 
and industry. 

With the results of the above, define the areas in coal and shale 
liquids refining and upgrading where research would be desirable from a 
benefit to cost standpoint and from the standpoint of national needs. 



and low emission potential. 

Fuel corrosivity (from chemically active oxygen, sulfur, or nit- 
rogen compounds or compounds that take up water) must be controlled. 

Sulfur, nitrogen, and particulate precursors will need to be con- 
trolled because of environmental considerations. 

The metals contents of high-boiling-point fuels must be minimized, 

Crudes from oil shale and coal are likely to contain more trouble- 
some components than petroleum crudes and will very likely require a 
greater degree of refinery processing. 

Conventional engines of the future (spark ignition and diesel) 
will require fuels with much the same characteristics as those of current 
fuels (gasoline and diesel fuel). 

Engines that tolerate fuels of a wider distillation range (e.g., 
the stratif ied-charge engine, gas turbine, and Stirling engine) provide 
greater flexibility in refinery processing. 

It is difficult to forecast engine developments that will permit 
efficient operation with low emissions on less refined fuels. 



Petroleum Company B 

The homogeneous -charge Otto-cycle spark-ignition engine is likely 
to remain in use for ground transportation until beyond the year 2000. 
Possible changes in its (gasoline) fuel requirements include (a) a lower 
Reid vapor pressure, (b) higher 10 and 20 percent evaporated temperatures, 
and (c) control of the aromatic content. No changes are anticipated in 
the octane quality, stability, or impurities contents (sulfur, nitrogen, 
polynuclear aromatics). 

The diesel engine will find increasing use in passenger cars and 
light-duty trucks through 2000 and will continue to be the engine used 
most in medium and heavy trucks. Possible changes in diesel fuel speci- 
fications include (a) an increase in 90 percent and end-point distilla- 
tion temperatures (especially if gasoline demand decreases and heavy 

gas oil is not needed for cracking), (b) a decrease in cetane quality 
for truck engines if spark-ignition diesel engines come into use, (c) 
an increase in cetane quality (above 45) for passenger car diesel 
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Prechamber (jet-ignited) stratified-charge engines are not likely 
to find wide application. If used, they will not permit appreciable 
changes in present gasolines. 

Open-chamber stratified-charge engines may find application. 
Throttled engines (Ford PROCO) require a fuel similar to current unleaded 
gasoline; unthrottled engines (e.g., Texaco TCCS) can use either current 
fuels or a wide range of other fuels without regard to octane or cetane 
quality. Volatility is not a major concern. Fuel stability and sulfur, 
nitrogen, and polynuclear aromatic contents will have to be controlled. 

It is very doubtful if either the gas turbine or Stirling engine 
will find widespread use by 2000. However, either would permit the use of 
fuels with few specification restrictions. 



Automobile Company A 

It is more energy efficient to refine fuel carefully to achieve 
best engine performance than to attempt to operate with less refined 
fuels. This applies to gasoline, diesel, and gas turbine engines likely 
to be in use by 2000. 

Emphasis should be placed on developing the technology needed to 
refine coal and shale oil into gasoline and diesel fuels that meet the 
current specifications for these fuels. Refining efforts should concen- 
trate on reducing sulfur and nitrogen contents to acceptable levels. 

Engines may have to be modified to permit the use of fuels from 
coal and oil shale, particularly because of their high aromatic contents. 



Automobile Company B 

The spark-ignition engine will be the principal engine for passen- 
ger cars through the year 2000. 

Stratified-charge engines may come into use eventually. The PROCO 
engine has significant octane requirements, even though it can tolerate 
variations in fuel volatility and stoichiometry. The TCCS (Texaco) engine 
has even greater volatility tolerance and presumably no octane require- 
ments . 

To make diesel engines more desirable for passenger car use, 
starting performance may have to be improved by using lower compression 



However, tor reasons of customer convenience, supply, and logistics, 
it is likely that these engines will be designed to use gasoline. 



Automobile Company C 

In the future, engines may be able to tolerate less volatile 
fuels with higher concentrations of sulfur, nitrogen, and aromatics, 
provided emissions can be held at acceptable levels. Emission constraints 
may become the main factor in determining the extent to which fuel prop- 
erties can be relaxed. 

Major changes in engine efficiencies are not anticipated for the 
fuel changes considered possible. 

The engines of the future, in order of decreasing likelihood, are 
the homogeneous-charge spark-ignition, diesel, stratified-charge, gas 
turbine, Stirling, and Rankine engines. The engines fall in the same 
order when listed according to their increasing tolerance to variations 
in fuel specifications. 

In evaluating future fuel-engine matches, the following factors 
must be considered: combustion, performance, cost, durability, emissions, 
safety, convenience, and fuel and resource consumption. 

Spark-ignition engines will require volatility and octane quality 
similar to that of current gasoline. Fuel -injected spark-ignition en- 
gines may have less stringent volatility requirements than carbureted 
engines. They might also tolerate more viscous fuels if octane quality 
is not compromised. 

Diesel engines could probably tolerate less volatile fuels if 
emissions of particulates, smoke, hydrocarbons, and odor were acceptable. 
Higher sulfur, nitrogen, and ash contents may not be acceptable because 
of emission and engine durability problems, however. 

Cetane quality should remain at or near current levels. 

The PROCO-type direct-injection stratified-charge engine requires 
a fuel similar to the unleaded gasoline now available. The Texaco-type 
engine has less stringent fuel requirements, particularly for octane 
quality; its fuel requirements resemble those of diesel engines (except 
for cetane quality). 

The open-cycle gas turbine engine has a wide fuel tolerance, the 
most stringent requirement being that the fuel flow adequately at the 
lowest temperature encountered in service. Fuels with high aromatic con- 



External combustion engines ^e.g., LJUXJ. j.a.ii 6 , ^0.^.^ , ~^~ v^^u. 
cycle gas turbines) should be able to burn any liquid hydrocarbon fuel 
that can be pumped at the lowest service temperature and still meet envi- 
ronmental and engine life constraints. 

Special concern should be given to distillate fuels for railroad 
diesel engines that are designed for ASTM 2D fuel. This type of fuel 
must remain available for as long as these engines are in operation, which 
may be 20 years or longer. Future railroad diesels could be designed to 
use ASTM 4D fuel, if environmental constraints can be met. 



Automobile Company D 

There is no clear indication of the benefits in process cost and 
energy savings that can result from reducing fuel properties in terms of 
cetane, octane, distillation ranges, freedom from impurities, and so on. 

For today's diesel engines, the most desirable fuels are the ones 
with the highest cetane quality, minimum sulfur, minimum aromatics, etc. 
For gasoline engines, the most desirable fuels are the ones with the 
highest octane, minimum octane improving additives, etc. Engines have 
useful lives of 10-20 years, especially in industrial and agricultural 
applications. Thus, fuels similar to current fuels will have to be sold 
until the year 2000, since no major changes in engines are anticipated, 
at least through the early 1980s. 

Some stratified-charge, gas turbine, and Stirling engines do not 
have octane or cetane requirements. However, fuels for these engines 
will need to remain liquid at normal ambient temperatures (-30F to 120F) 
and be seasonally blended. These engines cannot tolerate fuel impurities 
that could cause corrosion or unacceptable levels of exhaust pollutants. 
If unacceptable hydrocarbon pollutants are not generated (even in small 
quantities), however, higher aromatic levels can probably be tolerated. 



Independent Research Laboratory A a 

Distillation characteristics of fuels for Stirling and gas turbine 
engines can vary from those of gasoline to those of No. 2 diesel fuel. A 
broad-cut fuel could be used. An open question is whether these engines 
can tolerate tank-to-tank variations in distillation characteristics. 

Vapor pressure restrictions required by evaporative and refueling 
emission standards could restrict the light-end content of all fuels. 



the lean operating Stirling and gas turbine engines are likely to oxidize 
all fuel sulfur to 862 or sulfates. Ash content will need to be con- 
trolled to lessen engine wear and particulate emissions. Trace metals 
such as vanadium may also need to be controlled. 

Control of the aromatic content will make it possible to reduce 
carcinogenic emissions. 



Independent Research Laboratory B 

With the decline in the supply of petroleum fuels forecast for the 
near future, the following sequence of events is expected to occur: 

1. The introduction of conventional engines that are less sensi- 
tive to fuel quality (e.g., stratif ied-charge engines and 
engines with closed-loop systems) 

2. The introduction of hybrid fuels (alcohol-gasoline blends, car- 
bonaceous diesel fuels) 

3. The introduction of other engines (e.g., gas turbines) 

4. The end of 100 percent petroleum fuels 

5. The introduction of either unconventional engines (e.g., exter- 
nal combustion types) or unconventional fuels (e.g., nonpetro- 
leum compositions) 

6. The introduction of unconventional engine-fuel systems (e.g., 
an external combustion engine and frangible solid fuels). 

From 1985 to 2000, the fuels used for highway transportation are 
likely to be gasoline, diesel fuel, broad-cut fuel, gasoline-alcohol 
blends, and carbonaceous hydrocarbon slurries. These fuels will be ob- 
tained primarily from petroleum with inputs from coal, oil shale, and 
biomass. 

From 1990 to beyond 2000, the transportation fuels are likely to 
be solids, gels, and slurries or emulsions obtained from coal, oil shale, 
and biomass. Pure and mixed alcohols and pure synthetic liquid hydro- 
carbons from these sources are doubtful. Hydrogen, methanol, and ammonia 
are all unlikely fuels. 

There will probably be two octane grades of unleaded gasoline in 
use in the year 2000. Metallo-organic antiknock agents will probably not 



Both 1-D and 2-D diesel fuels are likely to survive beyond 2000. 
A broad-cut fuel may become an alternative to 1-D fuel, however. Fuel 
stability may require tighter control. 

Broad-cut fuels may come into use because they can reduce refin- 
ery energy losses and increase refinery yields; they can reduce refinery 
energy losses because energy does not have to be expended to increase 
either octane or cetane quality. Broad-cut fuels can be used in some 
stratified-charge and gas turbine engines and may also find use in future 
diesel engines. 

Mid-distillate hydrocarbons containing up to 20 percent suspended 
carbonaceous particles would be attractive fuels for use in diesel, 

gas turbine, stratified-charge, and Stirling engines. The carbonaceous 
particles would be obtained by pulverizing the products from the solvent 
refining of coal. Research must be done to prove the fuels which offer 
the best cost-energy potential. 
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4 COAL LIQUEFACTION PROCESSES 



There are both direct and indirect routes for the conversion of coal 
to high-quality transportation fuels. In the indirect routes, the 
molecular structure of the coal is completely destroyed and the simple 
molecules of CO and H Z that result are used to build molecules of com- 
bustible liquids. In the direct routes, the coal molecules are broken 
down into lower boiling hydrocarbons while preserving as many as possible 
of the original chemical bonds in the coal. 

The products of the two routes have different refining characteris- 
tics. The liquids from the direct processes resemble petroleum crudes 
and can be refined in much the same way into high-quality transpor- 
tation fuels. The liquids from the indirect processes vary from process 
to process and differ in character. 

This chapter deals primarily with the refining of coal liquids 
obtained by direct routes. The refining of coal liquids obtained by 
indirect routes is discussed only when it can add perspective to some 
aspect of the overall problem. 



THE ROLE OF HYDROGEN 

Central to any discussion of the conversion of coal to liquids and ulti- 
mately to high-quality transportation fuels is the important role of 
hydrogen. Hydrogen is required not only to increase the hydrogen/carbon 
(H/C) ratio from that available in coal to that required in the end- 
products, but also to remove the undesirable heteroatoms (N, S, and 0) 
present in the coal molecules. 

The problem with the H/C ratios of coal products can be seen in 
Figure 5. In refining petroleum crudes, the most common method of in- 
creasing the H/C ratio is to reject carbon as a low-hydrogen coke or 
residuum (Figure 5). This practice plays a varying role in coal con- 
version processes. In some processes (such as pyrolysis), a liquid with 
a higher H/C ratio is produced for further refining, and a char with 
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Processes currently in use for hydrogen production ultimately 
involve the reaction of steam with carbon, either directly or as carbo 
monoxide or a hydrocarbon. These processes, described in Chapter 7, 
are both costly and energy inefficient. Thus, increasing the efficien 
with which hydrogen is used in the liquefaction and refining processes 
is critical to reducing the overall cost of converting coal to trans- 
portation fuels. 



COAL PYROLYSIS 

Pyrolysis processes that operate at high temperatures are able to 
convert about a third of the coal feedstock to liquids and gases that 
have higher H/C ratios than the original coal, carbon being removed in 
chars that have lower H/C ratios . 

The Char Oil Energy Development (COED) process (Jones, 1975) is 
a typical example. In this process, coal is pyrolyzed in a series of 
fluidized beds, with the temperature increasing from bed to bed. In 
the operation of the COED pilot plant diagramed in Figure 6, bed tem- 
peratures were 500F, 850F, 1000F, and 1650F, the temperature being 
increased by the addition of oxygen. 

The properties of typical products of the pyrolysis of Pittsburgh 
No. 8 coal are shown in Table 8. The figures indicate that the addi- 
tion of a large amount of hydrogen would still be required to increase 
the H/C ratio to that of premium transportation fuels and remove the 
remaining heteroatoms. It should be noted that the gas produced had a 
overall H/C ratio of 10.9 because of the large quantities of hydrogen 
and methane that resulted. This represents a loss of valuable hydroge 
that could have gone toward increasing the H/C ratio of the liquid. 
The liquid had an API gravity of -5, a pour point of 100 F, and a vis 
cosity of 70 centipoises at 210F; its physical and distillation prope 
ties resemble those of a petroleum crude somewhat, but it has a much 
lower H/C ratio. (See Figure 7). The high nitrogen content of this 
liquid would present refining problems. 

The char from this process could be used as a boiler fuel but wou 
be high in sulfur if a high-sulfur coal were used as the feedstock. 1 
char could also be gasified and the syngas used as a fuel gas, convert 
to hydrogen by the shift reaction, or converted to liquid fuels by one 
of the indirect conversion processes. 

Pyrolysis carried out in a hydrogen atmosphere (hydropyrolysis 01 
hydrocarbonization) could improve the liquid yield, thereby improving 
product quality and reducing the sulfur content of the liquid product 
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SOLVENT PROCESSES WITHOUT THE ADDITION OF CATALYSTS 

If an appropriate fraction of the liquid product obtained from the hes 
ing of coal is returned to the reaction zone, it improves the conversj 
of the coal to a liquid by acting as a solvent and also by aiding the 
shift of hydrogen and the rearrangement of chemical bonds within the 
coal molecule. In most of the processes making use of these effects, 
high-pressure hydrogen atmosphere is maintained in the reactor in whi< 
the coal is dissolved. 

In Solvent -Refined Coal (SRC-I and SRC-II) processes (Sullivan 
et al. > 1979; Synthetic Fuels, 1979), the temperature in the dissolvii 
vessel is maintained at about 850F and the pressure at 1000-1500 psi, 
depending on the particular coal and process used, with the required 
hydrogen provided from an outside supply. By returning part of the 
liquid produced to the dissolving vessel, the coal is converted to a 
product that is fluid at the temperature in the vessel. The time re- 
quired varies from a few minutes to about an hour, depending on the 
particular process and the product characteristics required. 

In the SRC-I process shown in Figure 8, the solvent is taken froi 
the vacuum distillate fraction boiling below 1000F. Contact times 
are about 30-60 minutes. Although the H/C ratio of the product (Tabl< 
9) does not differ very much from that of the coal used, considerable 
hydrogen is consumed (Table 10), the quantity equaling that in the ga: 
produced. The ash is removed from the product by filtration or solve: 
precipitation. Table 9 shows the physical and chemical characteristic 
of a typical SRC-I product (solid at room temperatures), and Table 10 
shows typical yields. To be upgraded, this product must be hydrogen- 
ated further. 

When the contact time in the SRC-I process is reduced to about 5 
minutes, the H/C ratio in the product remains about the same as that 
the coal feedstock, but the hydrogen consumption and gas production a 
lowered. If this product were then de-ashed and hydrogenated in a 
separate ebullating-bed reactor (e.g., an LC-Fining or H-Oil reactor) 
the net result would be a good syncrude and an overall reduction in 
hydrogen consumption (Kleinpeter et al. , 1979; Longanbach et al. , 197 
Schindler, 1980). 

In the SRC-II process (Figure 9), the dissolving conditions are : 
severe; temperatures and pressures are higher, and contact times are 
longer. The solvent is a portion of the slurry bottoms rather than a 
distillate product as in SRC-I, and the product is sufficiently volat 
to be removed by vacuum distillation. The product is liquid at room 
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SRC-I 



SRC-II 



Gravity, API 

Hydro gen /carbon ratio 

Composition 

Hydrogen , wt % 

Oxygen, wt % 

Nitrogen, wt % 

Sulfur, wt % 

Ash, wt % 

Aromatic carbon, wt % 

Chloride, parts per million 

Nominal boiling range, F 

Distillation temperatures, F 
Initial boiling point 
5% 
10% 
30% 
50% 
70% 
90% 
95% 
End point 

Hydrogen consumption, standard 
cubic feet per ton 



-14.6 
0.85 



6.1 

4.5 
2.0 
0.9 
0.22 

81 

50 

900+ 



159 

943 

1017 

1161 



18.6 
1.3 



9.1 

3.8 

0.85 

0.3 

0.004 
58 
50 

160-800 



56 
189 
241 
379 
424 
473 
562 
642 
820 



7,400 



15,500 



Source: Sullivan et al. (1979) 



has been greatly decreased over that of SRC-I as a comparison of the 
two distillate curves in Table 9 shows. The hydrogen to carbon ratio 
is now 1.3 as shown in Table 9 and Figure 9. Table 10 gives typical 
yields from this process. Although the boiling range of SRC-II liqui 
is good for high quality fuel production, the hydrogen to carbon rati 
is still a long way from that required for high quality transportatic 
fuels. Some properties of an Arab Light crude are given in Table 11 
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Gravity, API 34.7 
Hydrogen/carbon ratio 1.79 

Composition 

Hydrogen, wt % 12.8 

Oxygen, ppm 40 

Nitrogen, ppm 770 
Sulfur, wt % 1.70 

Aromatic carbon, wt % 13 

Distillation fractions, w t % 

Naphtha, C5~400 F 26.6 

Atmospheric gas oil, 400-650F 24.9 

Vacuum gas oil, 650-1000F 27.9 

Vacuum residue, 1000F 20.6 

Total 100.0 



In the past, solvent-refining processes like SRC-I and SRC-II were 
thought to be noncatalytic, but recent work has shown that the ash of 
the coal has a degree of catalytic activity that plays an important 
role in the liquefaction process. The catalytic activity of the ash 
varies from coal to coal. 



SOLVENT PROCESSES INVOLVING THE ADDITION OF CATALYSTS 

Although some coal liquefaction processes rely on the catalytic activity 
of the coal ash alone, this activity is weak. In many of the coal 
liquefaction processes developed, additional catalytic material is added 
from an external source. 

External catalytic material is generally supplied in one of two 
ways: (a) by adding the catalyst to the reactor in which the solvent 
is being hydrogenated prior to its transfer to the coal liquefaction 
reactor, as in the Exxon Donor Solvent process (Fant , 1978; Epperly, 
1978, 1979) or (b) by adding the catalyst to the coal in the liquefactioi 

-in t-Via nroG^nna nf hvrlrnopn. AS "in the H Coal nror.esR (Stein 



Figure 10 is the flow diagram from a design stuay maae xor a. izuiuuiei.ea.dj. 
EDS plant. The solvent (a 400-850F boiling range material) is hydro- 
genated in the presence of a catalyst and then mixed with the coal to 
form a slurry that is fed to a liquefaction reactor maintained at a 
temperature of 800-850 F and a pressure of 1500-2000 psi. 

The only catalyst present in the liquefaction reactor is that which 
is naturally present in the coal ash. The product of this reactor is a 
slurry of solvent, liquefaction products, unconverted coal, and ash that 
is then separated by distillation into gas, naphtha, distillates, and a 
vacuum bottom slurry. The latter is fed to a flexicoker, which contains 
a coking and gasifying unit. If syngas were produced in the gasifier, 
it could be used to make hydrogen. In the design shown here, the gasi- 
fier produces fuel gas, and the hydrogen required is obtained by the 
steam reforming of the gas from the distillation unit. 

Much of the information for this design was developed from the re- 
cycle coal liquefaction unit shown in Figure 11. The properties of its 
major products (A, B, and C) are given in Table 12. The naphtha stream, 
with an H/C ratio of 1.85 and a hydrogen content of 13.32 percent by 
weight, is within the range required for high-grade transportation 
fuels (Figure 7). However, examination of the flow diagram of the pro- 
posed plant, shown in Figure 10, suggests that the naphtha fraction 
produced should contain less hydrogen than is obtained from the pilot 
unit, since some of the streams in the commercial plant receive less 
hydrogenation than the product from the pilot plant. The 1.36 H/C ratio 
of the 400-700 F solvent of Table 12 also indicates that some further 
hydrogenation will be required to bring its H/C ratio up to the range 
of conventional petroleum-derived fuels. 

As can be seen from the table, the solvent is highly aromatic 
and will need to be hydrogenated considerably to produce diesel and jet 
fuels. Distillate fuels become highly naphthenic after hydrogenation, 
however, and naphthenic diesel and jet fuels have combustion qualities 
that may leave much to be desired. 

The combined distillate streams from the liquefaction unit, solvent 
hydrogenation unit, and coker of the commercial EDS plant design of 
Figure 10 will have a lower H/C ratio and higher aromatic content than 
the hydrogenated solvent of the recycle unit of Figure 11 (Table 12), 
because of the differences in the extent of hydrogenation between the 
two flow schemes. Figure 7 shows how the EDS products compare with the 
products of other processes. This figure also shows the hydrogen/carbon 
ratio of the liquid products from a typical coker pilot run with vacuum 
bottoms. 
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Figure 10 Flow design of commercial coal liquefaction plant based on 
Exxon Donor Solvent process 





(dry 
basis) 


C S -400F 
(A) 


400-700F 
(B) 


Bottoms 
(C) 


Gravity, API 
Hydrogen/carbon ratio 


0.89 


42.1 
1.85 


15.7 
1.36 


0.74 



Composition, wt % 
Hydrogen 
Sulfur 
Nitrogen 
Oxygen 
Ash 
Aromatic carbon 



4.98 

4.39 

11.15 

15.89 

12.00 



13.32 
0.012 
0.01 
0.46 

19 



10.18 
0.004 
0.04 
0.22 

53 



4.22 

2.18 

1.36 

12.46 

20.61 



Distillation 
temperatures , 



5% 


158 


397 


89% 1000F+ 


15% 


206 


407 




25% 


226 


434 




50% 


310 


501 




75% 


362 


582 




95% 


382 


727 





Source: Epperly (1978). 



H-Coal Process 



In the H-Coal process, the catalyst is added directly to the mixture of 
coal and solvent, so that the solvent is continuously hydrogenated in 
the presence of the dissolving coal. A flow diagram of this process is 
given in Figure 12. 

The coal-slurry and hydrogen streams are introduced at the bottom 
of the ebullating-bed reactor and maintained in a fluidized ebullating 
state by using a pump to recirculate the liquids. The heat transfer that 
results from this action keeps the temperature of the reactor contents 
essentially uniform. The ebullation also aids in handling the solid 
coal and catalytic material in the reactor. Temperatures of the order 
of 850 F and pressures up to 3000 psi are used. The products are frac- 

TT1 n O t"Vn= 



62 




Two modes of operation are envisioned: a fuel oil mode for the 
production of boiler fuels, and a syncrude mode to produce material 
suitable for refining to high quality transportation fuels. The latter 
is at present considered the more likely for commercial application. 
The properties and yields of products from the syncrude mode are shown 
in Table 13; other examples of yields are given in Table 10. Hydrogen/ 
carbon ratios of products of the syncrude mode are approximately 1.28; 
aromatic carbon analyses show these products to be highly aromatic. 
Distillation studies show that the syncrude and fuel oil boil at tem- 
peratures below 950F, and contain nothing that corresponds to the 
residuum of petroleum crude, seen in the Arab Light crude of Table 11. 
The reason for this is that the higher boiling fraction that corres- 
ponds to the residuum is gasified to produce hydrogen for the process. 
The naphtha from the syncrude mode is highly naphthenic and a good feed 
for the production of high-octane gasoline in a platinum reformer. 



HYDROGEN PRODUCTION AND USE IN DIRECT LIQUEFACTION PROCESSES 

In some versions of each of the direct liquefaction processes discussed 
above, gasification of part of the products (char, vacuum bottoms, etc.) 
is an essential part of the process, with gas used either as a fuel gas 
or as a source of hydrogen for the liquefaction and refining processes. 
In these processes, 30-40 percent of the energy content of the coal is 
used in the gasifier, with the amount depending on the type of process. 
When the syngas is used to produce hydrogen to hydrogenate the coal 
and coal liquefaction products, some of this energy becomes part of the 
energy of the hydrocarbon fractions, but a substantial energy loss and 
increase in cost still result. 

Table 14 shows the three ways in which the external supply of 
hydrogen is used in the processes that require it. The added hydrogen 
(1) hydrogenates the coal and coal products to products containing 
more than three carbon atoms (C^+ liquids); (2) produces hydrocarbon 
gases containing one to three carbon atoms (C-,-Co gases); and (3) con- 
verts the heteroatoms (S, N, and 0) to ^S, NIL, and H 2 0, permitting 
their removal from the product. 

In Table 14, all the hydrogen in the coal is assumed to end up in 
the C^+ liquid. Where a particular atom of hydrogen comes from (the 
hydrogen gas or the coal) or where it goes (into the gaseous or liquid 
product) is of course not ascertainable, but this method of accounting 
is adequate for an overall determination of hydrogen consumption. As 
seen from the table, essentially no net hydrogen is added to the C^+ 
product in the SRC-I process. (In one case, 0.03 pounds per hundred 
nounds of r.oal is added, and in the other 0.16 pounds per hundred 



Coal feed 
(dry basis) 


Product a 


Properties 




Analysis, wt % 




Carbon 70.88 


88.29 


Hydrogen 4.91 


9.43 


Oxygen 8.57 


1.76 


Nitrogen 1.47 


0.38 


Sulfur 3.47 


0.14 


Ash 10.61 


<0.01 


Aromatic carbon 


55 


Hydrogen/carbon ratio 0.83 


1.28 


Kinematic viscosity at 




100F, cSt 


4.20 


Gravity, API 


14.1 


Yields, wt % dry coal 




Waste gases 


6.01 


C,-C.~ gases 


10.63 


4 6 n 


4.12 


IBP-400 F Naphtha 


14.21 


400-650F Distillates 


22.26 


650-975F Distillates 


6.48 


975 F+ Residual oil 


19.00 


Unconverted coal 


5.78 


Ash 






11.51 


Total 


-I. -&. ^/ JL. 

100.00 



Properties of 350-975F product; yields include total product yields. 
Source: Stein, et al. , 1977, 1978; Johanson and Comolli, 1978. 
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more goes toward tne removal 01 tne neteroatoms in tne bK.u-n, 
and H-Coal processes. 

When one examines how the use of hydrogen breaks down on a percent- 
age basis (Table 15), it becomes apparent that a sizable portion of it 
(32-70 percent) goes into the production of the ^-3 gases. While these 
gases are valuable products in themselves, they consume a dispropor- 
tionate amount of relatively expensive hydrogen. Methane, for example, 
has an H/C ratio of 4, double that of the premium transportation fuels. 

The cost of converting coal to transportation fuels could be low- 
ered if the amount of hydrogen consumed in producing the C^-C^ gases 
could be reduced. Short-contact-time experiments on the mechanism of 
coal liquefaction (Whitehurst et al., 1976, 1977) show that a consid- 
erable reduction in gas production is possible. 

Another way to reduce the hydrogen requirements of coal conversion 
processes is to modify end-use equipment to allow the use of fuels 
with lower H/C ratios. Since such fuels would be highly aromatic, 
they could be used in spark-ignition engines but might present prob- 
lems in diesel engines. 



DIRECT LIQUEFACTION PROCESSES WITH DECREASED HYDROGEN CONSUMPTION 

As pointed out above, a short-contact-time (SCT) version of the SRC-I 
process can produce SRC liquids with a lower consumption of hydrogen. 
Lummus is developing a two-stage liquefaction process (Schindler, 
1980) in which the product of an SCT unit is de-ashed and passed to 
an ebullating-bed LC-Fining unit for further conversion. The solvent 
is obtained from the LC-Fining product and recycled back to the SCT 
dissolver. Figure 13 is a flow diagram of this process. A compari- 
son of the process 1 hydrogen consumption (Table 16) with those of 
other processes (Table 14) shows a substantial improvement. 

Reduced hydrogen use has also been achieved in the Lummus Clean 
Fuels from Coal (CFFC) process (Long et al., 1979) by using a series of 
plug-flow expanded-bed reactors without any internal recycling (instead 
of continuous stirred-tank flow, as in H-Coal and LC-Fining). The re- 
sults obtained with this process are also given in Table 16. 



INDIRECT LIQUEFACTION PROCESSES 

In the indirect processes, coal and water are first converted to a 
mixture of CO and H ("syngas"), partial combustion of the coal supply- 
ing the heat required and additional CO. This gas is at a higher 
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Process 



Hydrogen use, in pounds per 100 pounds of coal 
Consumed In CH,+ In Ci-Co For hetero- 
liquia gas atom removal 



Lummus Clean Fuels 
from Coal process 
(Illinois No. 6 coal) 

Lummus Two-Stage 

Liquefaction process 
(Indiana V coal) 



3.4 



4.4 



1.24 



2.3 



1.09 



0.74 



1.07 



1.36 



Source: Long et al. (1979); Schindler (1980). 



heat. During production of the syngas, the heteroatoms that are not 
removed with the ash are converted into gases that can be removed 
from the syngas relatively easily, leaving it free of the sulfur and 
nitrogen that cause so much trouble in the refining of coal liquids 
by direct processes. Figure 14 is a flow diagram of a typical syngas 
plant with a Lurgi gasifier, in which only part of the new gas needs 
to be shifted to produce the H^/CO ratio needed for each process. 

The Fischer-Tropsch process used by SASOL in South Africa 
(Schreiner, 1978) converts the syngas into a complex mixture of hydro- 
carbons and oxygen-containing compounds that must be refined further 
to produce the end products required (fuels and chemicals). Table 17 
shows the distribution of products from the SASOL plant. 

The flow diagram of a typical Fischer-Tropsch plant is shown in 
Figure 15. In this plant, the reactor operates with a fluidized cata- 
lyst. The hydrocarbon products are mostly straight-chain olefins and 
paraffins, with almost no aromatics. Good diesel fuels are easier to 
produce from these products than from the highly aromatic products of 
direct liquefaction, but the use of the Fischer-Tropsch process for 
producing high octane gasoline presents problems due to the aliphatic 
nature of the product . 

The production of gasoline from coal by the intermediate production 
of methanol is a simpler process. A flow diagram for such a plant is 
shown in Fieure 16. The svneas is converted to methanol (CHoOH) in a 
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Component Yield 

(Percent by weight) 



Methane 


10.7 


Ethylene 


3.7 


Ethane 


6.0 


Propylene 


11.6 


Propane 


2.0 


Butylene 


8.3 


Butane 


1.1 


C 5 -400F 


31.9 


400-1000F 


13.4 


1000+F 


0.6 


Subtotal 


89.3 


Non-acid oxygenates 


8.8 


Organic acids 


1.9 


Total 


100.0 



Source: Hoogendoorn (1973) 



line in a single step over a zeolite catalyst. To supply the hydrogen 
needed for hydrotreating the naphtha obtained from the gasifier, some 
of the gas is passed to a hydrogen recovery section. The first plant 
to produce gasoline by this process, to be built in New Zealand, is 
scheduled to go into production by the mid-1980s. In the methanol- 
to-gasoline step, the methanol is converted to water, gasoline, LPG, 
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Yield, wt % of methanol charged 

Hydrocarbons 43.6 

Water 55.9 

Hydrocarbon product composition, wt % 



C 1~ C 2 



18.7 



C 5 + gasoline 79.9 

Total 100.0 

Finished product, wt % 

Gasoline, including alkylate 85.0 

Liquefied petroleum gas 13.6 

Fuel gas 1.4 

Total 100.0 

Physical properties of gasoline 

Research octane 

Clear 93 

Leaded a 101 

Reid vapor pressure, psig 9.0 

Specific gravity 0.728 

Sulfur, wt % nil 

Nitrogen, wt % nil 

Corrosion, copper strip 1A 

Distillation temperatures, F (ASTM) 

10% 114 

30% 145 

50% 198 

90% 330 

Composition, vol % 

Paraffins 53 

Olefins 12 

Naphthenes 7 

Aromatics 28 

Total 100 

Motor octane 

Clear 83 

Leaded 3 90 
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5 OIL SHALE EXTRACTION PROCESSES AND PRODUCTS 



Oil shale is a layered gray-brown sedimentary rock known as marls tone, 
formed millions of years ago in freshwater lakes. The oil in the shale 
is in kerogen, a complex material composed mainly of carbon, hydrogen, 
oxygen, sulfur, and nitrogen. The large kerogen molecules are bound 
to each other by oxygen, sulfur, and hydrocarbon bridges in a three- 
dimensional network that extends through the mineral portions of the 
shale, binding them together. The amount of kerogen in a given deposit 
depends on how much organic material was present in the lake beds. 

The oil content of shale denotes its quality. Shale with an oil 
content of 10 gallons per ton (about 4 percent by weight) is considered 
low-grade shale. Shale with an oil content of 26 gallons per ton (about 
10 percent) is considered medium grade, and shale with an oil content 
of 36 gallons per ton (about 14 percent) is considered high grade. 

In considering the ultimate use of shale oil, it is necessary to 
understand the retorting processes for decomposing and separating the 
kerogen from the rock. The shale can be retorted either in situ under- 
ground, or after it is mined and brought to the surface. 

It is highly desirable that both types of retorting be developed, 
since their combined use will lead to optimal resource recovery. A pref- 
erence of one over the other is not indicated or intended in this report 
Neither has yet been demonstrated on a full commercial scale, although 
the probability of success for both is high. 

This chapter deals with the retorting processes that have been 
brought to the point at which they are being considered for eventual 
commercialization. The first section of the chapter covers surface 
retorting, the second section covers in situ retorting, and the third 
section deals with the physical and chemical properties of the raw 
liquids produced by these processes. 



by bringing raw shale in contact with hot fine-grained solid heat carri- 
ers. The best heat carrier is the spent shale, but rich shales, which 
deteriorate into a fine powder, must be supplemented by more durable 
materials such as sand. 

In the LR process (Figure 17), the pulverized oil shale and heat 
carrier are brought into contact in a mechanical mixer such as a screw 
conveyor. In pilot plant tests, the shale was first crushed to a maxi- 
mum size of one-fourth to one-third of an inch, but larger commercial 
units might process particles as large as half an inch (Rammler, 1970). 
The gas and oil vapors are then cleaned of dust in a hot cyclone; the 
dust is recycled and the oil is separated by condensation. Retorted 
shale from the mixer passes through a hopper to the bottom of a lift 
pipe, with the dust from the cyclone. Preheated air introduced at the 
bottom of the pipe carries the solids up to the surge bin, during which 
time they are heated by the combustion of the residual carbon in the 
shale to about 1,000F. (If the residual carbon is insufficient for 
this, fuel gas is added.) In the surge bin, the hot solids separate 
from the combustion gases and return to the mixer, where they are brought 
in contact with new oil shale, completing the cycle. 

Pilot plant tests have produced high yields. Oil recovery greater 
than 100 percent Fischer assay has been achieved from Colorado shale with 
an oil content of about 30 gallons per ton. (The Fischer assay procedure 
is a rigidly defined test, the results of which serve as a baseline for 
comparing different extraction processes.) Since no combustion occurs 
in the mixer retort in this process, the product gas from the mixer has 
a high calorific value. 

As the LR process can handle very small particle sizes, it can be 
modified for a variety of shale feedstocks. The system is also mechani- 
cally simple; only the mixer is of concern because it must operate 
reliably in a harsh environment. Two serious problems result from the 
movement of dust through the system, however. One is the accumulation 
of combustible dust in the transfer lines, increasing the likelihood of 
fires and plugging. The other is entrainment of dust in the oil 
produced; most of the dust is removed in the hot cyclone, but some 
is inevitably carried over in the retort product. 

There are ways of dealing with the latter problem. When the crude 
oil from the LR process is fractionated, the dust concentrates in the 
heaviest fraction, and can be dealt with by diluting and filtering this 
fraction or by recycling it to the mixer. 

The LR process, developed in the 1950s for the low-temperature flash- 
carbonization of coal, has been tested on European and Colorado oil shale 
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near Essen, Germany. Two 850-ton-per-day plants for carbonizing brown 
coal were installed in Yugoslavia in 1963, and a large plant that uses 
the LR process to produce olefins by cracking light oils has been built 
in Japan (Rammler, 1969, 1970). 



Superior's Multi-Mineral Process 

The multi-mineral process is a four-step operation that produces four 
coproducts: nahcolite, (sodium bicarbonate, NatiCO- ) , shale oil, alumina, 
and soda ash (Figure 18). The process was developed by Superior Oil for 
shale that contains recoverable concentrations of oil, nahcolite, and 
dawsonite (a sodium-aluminum salt, NanAl(COo )o .Al(OH),. ). Superior has 
operated a pilot plant of this type in Cleveland, Ohio. 

The underground shale in Superior's property is mined in panels by 
the room and pillar method and delivered to the surface by conveyor. 
After processing, the spent shale is returned to the mined-out panels 
to stabilize the pillars. 

The nahcolite is in the form of discrete nodules that are more 
brittle than the shale. It is recovered by secondary crushing and 
screening, followed by a specialized process called "photos or ting" that 
recovers nahcolite product of greater than 80 percent purity. After the 
nahcolite is removed, the shale is pyrolyzed using the McDowell-Wellman 
process. The unique continuous-feed, circular-moving-grate retort used 
in this process is a proven, reliable piece of hardware that provides 
accurate temperature control, separate process zones, and a water seal 
that eliminates environmental contamination. 

The dawsonite in the shale is decomposed in the retort to aluminum 
oxide and soda ash. After the shale has been leached with recycled 
liquor and makeup water from the saline subsurface aquifer, the liquid is 
seeded and the pH lowered to recover the alumina. The soda ash is re- 
covered by evaporation. The leached spent shale is then returned to the 
mine and the liquor is returned to the process. 



Paraho Process 

The Paraho retort is a stationary, vertical, cylindrical kiln of mild 
steel, refractory-lined, in which the shale is brought to temperature 
by a counterflow of combustion gases (Figure 19). As the shale (fed in 
at the top along a rotating "pantsleg" distributor) moves down through 
the retort, the rising stream of hot gas breaks down the kerogen to oil, 
gas, and residual carbon. The oil and gas are drawn off, and the resid- 
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The Paraho process, developed by Development Engineering Incorpor 
ated (DEI), is conceptually similar to the internal-combustion retorti; 
process used by the Bureau of Mines, but there are significant differ- 
ences in the shale-feed mechanism, the combustion gas distributors, 
and the spent shale discharge grate. It is possible with this process 
to use either direct or indirect heating. Most of the development wor 
so far has been carried out with the direct heating system described 
here. 

Research and development on the Paraho retort, begun by Paraho De 
opment Corporation (DEI's parent company) in August 1973, continued un 
April 1976 under the sponsorship of 17 energy and engineering companie 
In 1978, Paraho delivered 100,000 barrels of raw shale oil to the U.S. 
Navy for defense testing purposes. 

The Paraho kiln has most of the advantages common to internal- 
combustion retorts. It can handle shale with a feed size of at least 
3 inches, keeping crushing and screening costs at a minimum. A high t 
mal efficiency results from burning the residual carbon and recovering 
sensible heat from the spent shale. The process is mechanically simpl 
requiring little auxiliary equipment. No water is required for produc 
cooling. To date, more than 100 days of continuous operation have bee 
achieved, with oil recoveries of better than 90 percent of Fischer ass 



Tosco II Process 

The Tosco II process 3 uses ceramic balls to heat the oil shale. The 
shale, crushed to less than half an inch in size, is introduced throug 
multiple lift pipes in which streams of hot gas elevate and preheat it 
about 500F (Figure 20). The shale is then fed to a rotating drum wit 
half-inch ceramic balls that have been heated to about 1200F. Inside 
the rotating drum, which is about 8 feet in diameter and 15 feet long, 
the balls turn the kerogen in the shale to oil vapor and gas and crush 
the shale to a fine black powder. The balls and crushed shale, now at 
about 950F, are fed to a perforated rotating drum (trommel) in which 
the shale and the ceramic balls are separated. The spent shale drops 
through the holes in the drum, is cooled, and is then disposed of. Th 
balls return to the ball heater, where they are reheated with gas from 
the shale, completing the cycle. 



a 

This process is a refinement of the Aspeco Process developed by the 
Swedish inventor Olaf Aspegren. Although Aspegren patented the concep 
he did not reduce it to practice (Aspegren, 1952). The Oil Shale Cor- 
Doration (Tosco) purchased the nptpTit rio-ht-R -in 1QS7. 
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drickson, 1974). The retort gas has a heating value similar to that o 
Fischer assay gas, since there is no combustion in the pyrolysis drum; 
most of the gas is used in the ball heater. 

Field operations using a retort with a shale feed rate of about 1 
tons per day were carried out in Colorado during 1967-69 and 1971-72. 



Union Oil Retorting Processes 

Union Oil, active in retort research and development since the late 
1940s, has three designs: the "A" retort, in which the internal com- 
bustion of the gas and residual carbon from the shale provide the heat 
for the process (direct heating); the "B" design, in which the shale 
is heated indirectly by a recycled stream of externally heated gas (Fi 
ure 21); and the Steam-Gas Recirculation (SGR) retort, in which the he 
carrier for the process is generated in a separate vessel by gasifying 
the residual carbon with air and steam. 

Union's retorts have been characterized as "continuous, underfeed 
countercurrent retorts" (Hartley, 1958). In all three, the shale is 
introduced at the base, travels upward through the retort, and is dis- 
charged at the top. The gaseous heat carrier (air, recycle gas, or sy 
gas) enters at the top and exits from the bottom. The product oil 
flows down through the moving bed of shale to a pool at the bottom of 
retort and is withdrawn from the top of that pool. Serving as a seal, 
the pool prevents air from leaking into the retort and also acts as 
a settling basin for the entrained fines. 

A unique design feature of the Union retorts is the "rock pump" t 
pushes shale up through the retort. In an early patent (Berg, 1947), 
rock pump was mechanical, providing motion to the shale bed through a 
series of gears and cams. The modern hydraulic rock pumps have large 
cylinders that take the crushed shale from the feed chutes and pump it 
into the retort. 

In the "A" process, the thermal efficiency is high because sensit 
heat is recovered from the oil, gas, and spent shale. The oil recovei 
is about 84 percent of Fischer assay, but the product gas is a low-ene 
fuel (with a heating value of about 100 Btu per standard cubic foot) c 
to its dilution by combustion products. Ip. the early tests, the high 
temperatures caused the agglomeration of the spent shale ash, requirir 
the use of hollow sodium-cooled "plows" to break up the clinkers. Bet 
temperature control in later designs has made the plows unnecessary. 

In the "B" process, the product gas exiting from the bottom of tV 
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by combustion products, as they are in the "A" process. The absence of 
combustion inside the retort offers other advantages. Temperature control 
is better and, as a result, there is no clinkering problem. In addition, 
the oil yields are higher than in the "A" process, reaching 100 percent 
of Fischer assay (Hartley, 1974). 

Union's latest retort, the SGR, is basically a "B" retort with aux- 
iliary equipment for recovering energy from the residual carbon by gas- 
ification. 

Union's experience with the three processes has been as follows: 

The early development work on the "A" retort included the opera- 
tion of a 2-ton-per-day prototype and a 50-ton-per-day pilot 
plant at Wilmington, California. Additional operating experience 
has been obtained from a semiworks unit near Grand Valley, Colo- 
rado, with a design capacity of about 350 tons per day. Produc- 
tion rates higher than this were achieved soon after startup 

in March 1957. By the time the field tests on the latter unit 
were completed in August 1958 the capacity had been increased, 
allowing continuous operation at rates of up to 1200 tons per 
day (Hartley and Hemmen, 1957; Hartley, 1958). 

Since 1971 , a nominal 6-ton-per-day pilot retort has been oper- 
ated in the "B" mode and the SGR mode at the Union Research 
Center in Brea, California. 



IN SITU RETORTING PROCESSES 

During the past 10 years, an increasing amount of research has been 
directed toward the production of oil from shale in situ, or underground, 

Most oil shales have very little if any natural permeability , a and 
this makes it nearly impossible to recover oil from them in situ. Two 
techniques have been proposed for producing some permeability in such 
formations. With the modified in situ technique, part of the shale 
bed is removed to create a void that will allow fracturing the rest of 
the bed with explosives. With the true in situ technique, no mining 
or other void-producing preparation is required; the permeability is 
produced with well bores from the surface. 



Occidental Petroleum Process 
Occidental Petroleum Corporation is developing a vertical modified In 



shale in the chimney is removed, air is blown down through the remaining 
crushed shale and the top is ignited with a burner that can be fueled 
with shale oil or off -gas from other retorts. On ignition, the burner 
is withdrawn and steam is mixed with the inlet air to control the process 
The liquid and gaseous products flow to the bottom of the chimney, 
leaving the carbon in the shale behind as the main source of fuel for 
the slowly advancing flame front. 

Occidental Petroleum began a series of field tests on its modified 
in situ process at Logan's Wash in Debeque, Colorado, in 1972. Three 
retorts, 30 feet across and 72 feet deep, each containing 6,000 to 10,000 
tons of oil shale, were created. The subsequent series of tests are 
being used as the basis for three commercial-scale retorts that are 
30 to 40 times larger. Occidental Petroleum has also leased Colorado 
federal oil shale tract C~b for shale oil recovery with modified in situ 
technology on a commercial scale. Full-scale production of 57,000 
barrels per day was originally planned for 1983, but plans now call 
for full-scale production in 1987. 



LETC Process 

The Department of Energy at its Laramie Energy Technology Center (LETC) 
is sponsoring several field projects to demonstrate the technical and 
economic feasibility of shale oil recovery by in situ methods. The 
projects include in-house research and joint government-industry efforts 
(Table 19). 

LETC began its study of true in situ processes in the early 1960s 
with laboratory tests, simulated pilot-plant tests on 10-ton and 150-ton 
retorts, and field tests at Rock Springs, Wyoming. The results of the 
tests were encouraging, demonstrating that it was possible to move a self- 
sustaining combustion zone through an oil shale formation and produce oil. 
The technique appears, at this stage, to be more suitable than the other 
processes described so far for thin oil shale formations. 

The underground shale is prepared for the LETC process by first 
boring injection and production wells into the shale (Figure 23) and then 
increasing the permeability of the formation by conventional fracturing 
techniques. (LETC tried electrolinking, well-bore shooting, and hydraulic 
fracturing, and found that the sequential use of hydraulic fracturing and 
explosives succeeded best.) Once the formation has been fractured, hot 
gases are forced into it to heat the area around the injection point. As 
the desired temperature is reached and air is substituted for the hot 
gas, combustion begins and becomes self-sustaining across a front that 
gradually moves through the bed. As retorting progresses, oil and gas 
products are pumped out through the production well. 
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Figure 22 Modified in situ retort of Occidental Petroleum (McCarthy 
and Cha, 1976; Sass and Lumpkin, 1977) 
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Source: Dockter (1978). 
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modified in situ process tnat has nor yet oeen rieia-tesuea. 

The process, shown in Figure 24, is conceived as essentially contin- 
uous; as one part of a formation (approximately 100 feet across and 1000 
feet deep) is being retorted, adjacent sections are in various stages 
of preparation. To prepare a section for retorting, it would be blasted 
to loosen and break up the shale, and part of the rubble would be removed 
to the surface. 

No field testing has yet been done, but large-scale tests to simu- 
late below-ground processing, along with a variety of small-scale tests 
and mathematical modeling programs, have been carried out. 

According to the Livermore Laboratory, the process could be used on 
much leaner deposits than those now being considered for above-ground 
retorting (e.g., deposits with an oil content of 20 gallons per ton, but 
rather deep shale formations would be required. 



PHYSICAL AND CHEMICAL DATA ON RAW SHALE OIL 
FROM VARIOUS RETORTING PROCESSES 

Table 20 lists the available physical and chemical properties of whole 
raw shale oil from different retorting processes, and Tables 21-23 
present some fractional analyses that are helpful in understanding the 
concentrations of the types of compounds in these shale oils as a 
function of boiling range. 

On examining the physical properties of raw shale oils, it can be 
seen that the principal variations are those in boiling range, pour 
point, and viscosity. In general, shale oils have a somewhat narrower 
boiling range than most petroleum crudes because they tend to contain 
less naphtha material (having boiling points below 400 F) and less high- 
boiling-range material (having boiling points above 1000F). As can 
be seen from Figure 25, the shale oil from the in situ retorting process 
of Occidental Petroleum tends to have a flatter distillation curve than 
the shale oils from the Paraho, Tosco, and Union surface retorting pro- 
cesses since it contains less naphtha and less heavy ends. According to 
Occidental, this is due to the mild coking the oil undergoes during re- 
torting (McCarthy and Cha, 1976). The lower concentrations of naphtha 
and heavy ends in the in situ retorted oils also result in somewhat lower 
pour points, viscosities, and nitrogen contents. 

The distillation curves of Figure 25 have been shown as bands, rather 
than lines, because slight changes in retorting conditions will produce 
variations in the boiling range. (The Lurgi curve is shown as a broken 
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Figure 24 Lawrence Livermore Laboratory Rubble In Situ Extraction 
(RISE) process (Sladek, 1975) 
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4 








2.5 





<2 





Vanadium, ppmw 


1.5 








0.56 





<20 





Iron, ppmw 


55 





40 


60 


142 


56 


40 


Copper, ppmw 











11 





<2 





Arsenic, ppmw 








50 


52 


45 


49 


50 37 


Chloride, ppmw 








5 








15 





P ar af f ins , ppmw 











9 





9 





Olefins, ppmw 











7 





7 





Naphthenes , ppmw 











8 





10 





Aromatics, ppmw 











48 





45 





Polar aromatics, ppmw 











24 





24 





Carbon insolubles, 
















ppmw 











4 





5 





Distillation 
















temperatures, F 
















IBP 




139 


120 


145 




152 


176 


10% 


465 


400 


330 


397 




345 


443 


30% 


640 




551 


660 




633 


666 


50% 


775 


731 


711 


797 




799 


791 


70% 


980 




848 


903 




919 


891 


90% 




960 


984 


1037 




1078 


949 


End point 




1077 


iioo*- 


1100 




1100 


1092 



Steam Gas Recirculation retort. 
Conradson carbon. 

Pensky-Martens, unless otherwise noted. 
Cleveland Open Cup. 



Utah Colo Colo Colo Colo Colo Colo Colo Colo 
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35 



















19.6 


20.2 


20.6 


27.0 


23.8 28.4 


25.0 


24.8 


24.3 




84.21 


83.13 


85.1 


85.2 


85.9 
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11.43 


11.1 


11.34 


11.1 








11.80 




1.89 


1.16 


1.2 


1.15 


1.17 





1.03 





7 


1.19 





1.1 

















6 


2.09 


2.18 


1.9 


1.65 


1.72 1.41 


1.3 


1.58 


1.50 


4 


0.5 


0.66 


0.7 


0.66 


0.75 0.72 


0.64 


0.74 


0.71 


9 


1.69 


1.64 


1.56 


1.59 


1.50 








1.67 




500, 
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__ 
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__ 







3.1 b 
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29 
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5 
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5 


220 


886 


80 




158 


250 


204 




I 


503 


608 


340 


230 


320 


465 


450 


475 


D 


690 


659 


525 


420 


457 
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540 


600 


i 


827 


776 


720 


605 


619 


670 


616 
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2 
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770 
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D 
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/bolt seconds, universal. 

analyzed by Exxon; U, by Universal Oil Products, and 0, by Occidental, 
scher assay oil data. 

80 percent. 

95.5 percent. 



Composition, wt % 


















Carbon 


84.27 


84.54 


83.20 


83.82 


84.31 


84.81 


85.20 


84.21 


Hydrogen 


11.68 


13.07 


12.78 


12.41 


12.75 


11.51 


11.24 


10.37 


Oxygen 


1.23 


1.33 


1.99 


1.88 


1.38 


1.27 


1.07 


1.28 


Nitrogen, basic 


1.26 


0.56 b 


1.06 b 


0.97 


1.10 


1.17 


1.33 


1.52 


Nitrogen, total 


1.93 


0.23 


0.85 


1.34 


1.39 


2.04 


2.15 


3.25 


Sulfur 


0.55 


0.62 


0.54 


0.71 


0.76 


0.52 


0.46 


0.42 


Hydrogen/carbon ratio 


1.66 


1.86 


1.84 


1.78 


1.81 


1.63 


1.58 


1.48 


PNOA by mass spectroscopy, 


















vol % 


















Paraffins 




24.6 


21.0 












Naphthenes 




7.4 


4.8 












Aliphatic monoolefins 




31.0 


33.1 












Cyclic monoolefins 




13.7 


11.1 












Alkylbenzenes 




22.0 


20.8 












Alkylindans + Tetralins 




1.3 


8.3 












Alkylnaphthalenes 




0.0 


0.9 












Structure by ASTM D-2007, 


















wt % 


















Paraffins 





22. 9 C 


19. 3 C 


15.3 


18.5 


9.4 


3.0 ) 




Naphthenes 





7.5 C 


4.9 C 


12.7 


16.1 


12.8 


8.7 


2.6 


Monoolefins 





43. 5 C 


42. 5 C 


10.4 


2.2 


2.3 


3.5 




Aromatics 





26.1 C 


33. 3 C 


52.5 


41.2 


52.9 


; 

52.8 


31.7 


Polar aromatics 











8.7 


21.3 


21.8 


32.0 


38.7 


Pentane insolubles 


1.5 








0.4 


0.7 


0.8 


0.0 


27.0 


CHONS, within a boiling 


















fraction, wt % 


















Pentane insolubles 


79.05 
















Carbon 


79.05 
















Hydrogen 


7.80 
















Oxygen 


6.78 d 
















Nitrogen, total 


5.71 
















Sulfur 


0.66 
















Polar aromatics 


















Carbon 








78.90 


82.21 


81.96 


82.94 




Hydrogen 








10.05 


9.86 


10.14 


10.34 




Oxygen 








5.50 


3.61 


2.52 


2.27 




Nitrogen, total 








5.25 


4.13 


4.50 


3.83 




Sulfur 








0.30 


0.22 


0.32 


0.26 




Total acid number, mg/g 


4.0 


4.0 


7.9 


6.5 


2.8 








Total base number, mg/g 


12.1 


15.8 


24.2 


26.0 


37.1 











Chloride, ppm 


15 


18 








6 


-- 


__ 


~ 



oil structure (percent by weight): 9 paraffins, 10 naphthenes, 7 monoolefins, 45 aromatics, 
24 polar aromatics, 5 pentane insolubles. 

Problems with the test. 
Estimated wt % by PNOA-MS, not ASTM D-2007. 

By difference. 
Source: McCarthy and Cha (1976). 





Whole 
oil 3 


IBP- 
375F 


375- 
425F 


425- 
500F 


500- 
650F 


650- 
850F 


850- 
1050F 


1050 F+ 


Composition, wt % 


















Carbon 


84.21 


83.89 


83.88 


84.34 


83.29 


84.12 


84.40 


84.41 


Hydrogen 


11.82 


12.98 


12.25 


12.41 


11.83 


11.43 


11.16 


10.13 


Oxygen 


1.89 


1.67 


2.20 


2.05 


1.92 


1.52 


1.43 


2.06 


Nitrogen, basic 


1.19 


1.03 b 


1.20 b 


0.99 


1.14 


1.25 


1.58 




Nitrogen, total 


2.09 


0.94 


0.94 


1.06 


1.74 


1.99 


2.35 


2.73 


Sulfur 


0.50 


0.37 


0.46 


0.51 


0.47 


0.58 


0.37 


0.30 


Hydrogen/carbon ratio 


1.68 


1.86 


1.75 


1.77 


1.70 


1.63 


1.59 


1.44 


PNOA by mass spectroscopy, 


















vol % 


















Paraffins 




19.5 


19.8 












Naphthenes 




6.2 


6.2 












Aliphatic monoolefins 




31.0 


24.2 












Cyclic monoolefins 




14.9 


11.0 












Alkylbenzenes 




26.1 


28.4 












Alkylindans + Tetralins 




2.2 


8.5 












Alkylnaphthalenes 




0.1 


1.9 












Structure by ASTM D-2007 , 


















wt % 


















Paraffins 





18. C 


17. 9 C 


15.9 


14.8 


9.5 


3.3 ) 




Naphthenes 





6.2 C 


6.2 C 


11.4 


10.0 


16.4 


11.2 


2.1 


Monoolefins 





44.3 


33. 4 C 


11.2 


6.4 


1.6 


2.7 | 




Aromatics 





31.5 C 


42. 5 C 


49.3 


50.4 


49.7 


50.2 


26.8 


Polar aromatics 











11.9 


17.7 


22.3 


31.8 


52.3 


Pentane insolubles 


0.7 








0.3 


0.7 


0.5 


0.8 


18.8 


CHONS, within a boiling 


















fraction, wt % 


















Pentane insolubles 


















Carbon 


76.65 
















Hydrogen 


7.13 
















Oxygen 


10.42 a 
















Nitrogen, total 


5.29 
















Sulfur 


0.51 
















Polar aromatics 


















Carbon 








78.23 


81.08 


82.30 


83.56 




Hydrogen 








9.81 


10.28 


9.98 


10.24 




Oxygen 








5.83 


3.16 


2.42 


1.45 




Nitrogen, total 








5.61 


5.01 


4.57 


3.96 




Sulfur 








0.21 


0.22 


0.36 


0.35 




Total acid number, mg/g 


2.9 


3.1 


4.3 


4.7 


3.3 











Total base number, mg/g 


13.6 


24.7 


30.0 


31.0 


37.4 











Arsenic, ppm 


19 


12 


6 


6 


14 


16 


19 


27 


Chloride, ppm 


6 


14 















Sfhole oil structure (weight percent): 7 paraffins, 10 naphthenes, 5 monoolefins, 44 aromatics, 
29 polar aromatics, 5 pentane insolubles. 

Problems with the test. 
Estimated wt % by PNOA-MS, not ASTM D-2007. 

By difference. 
Source: McCarthy and Cha (1976). 



Process/ aoiiing range 
composition 


Tosco a IBP-170F 


170-310F 


310-375F 375-640F 


Aromatics 4.0 


15.0 


23.5 47.5 


Olefins 63.0 


55.5 


49.0 37.0 


Saturates 33.0 


29.5 


27.5 15.5 


Paraffins 28.0 


22.2 


20.2 


Cyclo paraffins 4.8 


7.2 


7.3 

0/-N 


Di-cyclo paraffins 0.2 


0.1 


.0 


Occidental 


IBP-375F 


375-500F 


Position in shale oil 


0.2-2.4 


2.4-14.2 


Paraffins 


26 




Olefins 


21 




Naphthenes 


4 




Aromatics 


49 





FIA analysis 

Paraffins and naphthenes 

Olefins 

Aromatics 



43.8 
22.7 
33.5 



C. W. Waitman of Tosco Corp., personal communication to J. 0. Berga, 
November 16, 1977. 

nR. D. Ridley of Occidental Oil Shale, Inc., personal communication to 
J. 0. Berga, November 21, 1977. 

Oxygen, nitrogen, and sulfur compounds included with aromatics. 
Fluorescent indicator adsorption. 
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Figure 25 Distillation curves of shale oils 
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One of the most significant characteristics of raw shale oil is the 
high nitrogen content. The distribution of nitrogen and sulfur over the 
boiling range is shown in Figure 26. The nitrogen content of raw shale 
oil increases as distillation progresses, as does that of petroleum 
crude oil, but this is not true of the sulfur content. The concentration 
of sulfur in the raw shale oil reaches a peak at the 10 percent point 
and then decreases as distillation continues. 

Although the metal concentrations in raw shale oil are lower than 
those in petroleum crude, there are a number of other trace elements that 
present difficulties. The most significant of these is arsenic, which, 
along with nitrogen, is discussed in greater detail below. In fixed bed 
hydrotreating, the fine shale rock particles in the raw shale oil (known 
as "fines" or "ash") present additional problems, plugging the catalyst 
beds and increasing the pressure drops in the system; to deal with this 
particular problem, de-ashing will be necessary, either as a separate 
step or as part of the de-arseniting process. 

The limited data available show that raw shale oils from all retort- 
ing processes studied have similar chemical structures, which are sig- 
nificantly different from those of petroleum crudes. In general, the 
shale oils are lower in paraffins, higher in olefins, and higher in aro- 
matics and polar aromatics. 

In raw shale oils, the lower boiling fractions tend to have higher 
concentrations of paraffins and olefins and lower concentrations of aro- 
matics than the higher boiling fractions (Figure 27). The naphthene 
content tends to remain fairly constant across the boiling range. 

The high percentage of polar aromatics in the higher boiling range 
fractions indicates the presence of nitrogen, oxygen, and sulfur in the 
ring structure of the higher molecular weight aromatics, and the data bear 
this out. This characteristic increases the difficulty of denitrifying 
shale oil to levels that are acceptable for processing into transport 
fuels. 

The significance of the nitrogen, arsenic, sulfur, and oxygen con- 
tents in the refining of raw shale oil are discussed below. 



Nitrogen 

The predominant nitrogen compounds in raw shale oils are pyridines, 
pyrroles, quinolines, and nitriles (Burger et al., 1975). The basicity 
of these and other nitrogen compounds found in raw shale oils has been 
reported previously (Poulson et al., 1976). 
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Figure 26 Nitrogen and sulfur concentrations in raw shale oil, as a 
function of distillation range (Lovell, 1978) 
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Figure 27 Chemical structure of raw shale oil (Lovell, 1978) 
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ally contain somewhat lower concentrations of heteroatom and polar 
compounds than surface-retorted oils (Poulson et al. , 1976) but the con- 
centrations are still much higher than those in conventional crude oils. 
A significant degree of upgrading (denitrif ication) will be necessary 
with all raw shale oils before they can be refined to useful end products 
by conventional processes. 

Removing the nitrogen from raw shale oil is critical because of its 
effect on downstream processing. Direct fixed-bed hydrogenation of both 
whole and fractionated raw shale oil has been used for nitrogen reduc- 
tion (Sullivan and Stangeland, 1978), and results to date support the 
conclusion that hydrodenitrification of whole shale oil to the ppm range 
is feasible. The process conditions required would be more severe than 
those of present refining operations, however; high pressures (-2000 psi) 
and high hydrogen consumptions (-2000 standard cubic feet per barrel) 
would be necessary to reach the desired nitrogen levels. Although this 
is technically feasible, the costs would be high. 

Another possible approach to nitrogen removal is to combine hydro- 
processing of the raw shale oil with an acid extraction step to reduce 
the nitrogen compounds by precipitation. Relatively mild hydroprocess- 
ing conditions can bring about a substantial conversion of neutral and 
acidic nitrogen compounds to basic amines that can then be converted 
into insoluble amine salts with a strong acid (e.g., HC1). 

There is a need for more research on such mechanisms together with 
process research and development on nitrogen removal using catalyst selec- 
tivity, solvent extraction (acid treating), and hydroprocessing. 



Arsenic 

The concentration of arsenic in raw shale oil is on the order of 1000 
times higher than the concentration of arsenic in conventional crude oil, 
Green River oil shale has an arsenic content of about 50 ppm (Burger 
et al., 1975), and comparable levels have been f6und in shale oils 
recovered elsewhere by various retorting processes. Since arsenic poi- 
sons certain catalysts currently used for refining oil, most of the 
arsenic in shale oil must be removed before it is piped into a conven- 
tional refinery. Generally speaking, it is desirable to reduce the 
level of arsenic in the naphtha fraction charge to 5 ppb or less before 
catalytic reforming. The distribution of arsenic throughout the boiling 
range of raw shale oils is most likely due to the presence of various 
species of molecular arsenic. 
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Arsenic is a very difficult element to identify analytically, and 
the imbalances that frequently occur in fractional versus whole oil 
determinations are difficult to explain. Some arsenic compounds may 
be thermally unstable and volatilize overhead. All in all, very little 
is known about the nature of arsenic compounds in raw shale oil. More 
research needs to be done in this area. 

As has already been noted, part of the arsenic in raw shale oil is 
contained in the fines, or ash. Care should be used in drawing infer- 
ences from the ash content figures reported in Table 20, however, since 
it is not known if they were obtained from the different retorting pro- 
cesses in comparable ways. It is highly probable, in any event, that 
de-ashing to about 10 ppm (maximum) will be required where fixed-bed 
catalytic processing (e.g., hydrotreating) is to be used as the initial 
upgrading step. In some instances, de-ashing may take place during the 
de-arseniting step. Several de-arseniting processes are currently avail- 
able for licensing from Union Oil, Arco, and others (Burger et al. , 
1975), but the removal of arsenic requires additional research. 



Sulfur 

Sulfur concentrations in raw shale oils are in the range of 0.6-0.7 
percent by weight, the distribution being fairly flat across the boiling 
range, as seen in Figure 26. (The sulfur concentrations in the lighter 
fractions of raw shale oil are slightly higher than those in the lighter 
fractions of petroleum crude oils.) Since sulfur is removed by hydro- 
processing more easily than nitrogen, the denitrif ication of raw shale 
oil to a satisfactorily low level will also reduce the sulfur content 
to an acceptable level. 



Oxygen 

The oxygen content of raw shale oil is about 1.0-1.5 percent by weight, 
higher than the oxygen content of most petroleum crudes, although some 
California crudes have oxygen concentrations close to this level. The 
oxygen content is not expected to cause any unusual problems during the 
processing of shale oils into transportation fuels. 



BIBLIOGRAPHY 

Aspegren, 0. E. A. 1952. Heat Treatment of Piece-Shaped Material. 
U.S. Patent 2,872,386. 



Petroleum Chemistry Preprint 20, no. 4, pp. 765-775. Washington, D. C.: 
American Chemical Society. 

Cameron Engineers, Inc. 1975. Synthetic Fuels Data Handbook. Denver, 
Colo.: Cameron Engineers. 

Dockter, L. 1978. Lecture notes, 3rd In Situ Energy Recovery Technology 
Short Course, University of New Mexico, Albuquerque, June 2. 

Duir, J. H., R. F. Deering, and H. R. Jackson. 1977. Continuous Upflow 
Retort Improves Shale Processing. Hydrocarbon Processing 56(5) : 147-150. 

Hartley, F. L. 1958. Progress Report on Oil Shale Retorting and Refining, 
Independent Petroleum Association of America Monthly, August, pp. 23-24. 
Washington, D.C.: Independent Petroluem Association of America. 

. 1974. Oil Shale: Another Source of Oil for the United 



States. Paper presented at Oil Daily's Third Annual Synthetic Energy 

Forum, New York, June 10. (Available from Union Oil Company of 

California, Corporate Communications Department, Box 7600, Los 
Angeles, Calif. 90051.) 

Hartley, F. L., and G. H. Hemmen. 1957. Oil Shale Mining and Retorting 
Methods. Mining Congress Journal 47(1) :60-62. 

Hopkins, J. M. , H. C. Huffman, A. E. Kelley, and J. R. Pownell. 1976. 
Oil Shale Retorting Technology of Union Oil Company of California. 
Paper No. 6/3-C, presented at 81st National Meeting, American Institute 
of Chemical Engineers, Kansas City, Mo., April 11-14. (Available from 
American Institute of Chemical Engineers, 345 E. 47th Street, New York, 
N. Y. 10017.) 

Lovell, P. F. 1978. Production of Utah Shale Oil by the Paraho DH and 
Union "B" Retorting Processes. Proceedings of llth Oil Shale Symposium, 
pp. 184-192. Golden, Colo.: Colorado School of Mines Press. 

McCarthy, H. E., and C. Y. Cha. 1976. The Oxy-Modified In Situ Oil 

Process Development and Update. Proceedings of 9th Oil Shale Symposium. 
Quarterly of the Colorado School of Mines 71(4) : 85-100 . 

Poulson, R. E., C. M. Frost, and H. B. Jensen. 1976. Characteristics of 
Synthetic Crude from Crude Shale Oil Produced by In Situ Combustion 
Retorting. Advances in Chemistry Series, ed. T. F. Yen, Vol. 151, pp. 
1-10. Washington, D.C. : American Chemical Society. 

Rammler, R. W. 1969. The Distillation of Fine-Grained Oil Shale by the 



Sass, A., and R. E. Lumpkin. 1977. In Situ Processing of Oil Shale. 
Paper presented at 106th Annual Meeting, American Institute of Mining, 
Metallurgical and Petroleum Engineers, Atlanta, March 6-10. (Available 
from Mr. Allen Sass, The Occidental Research Corporation, 1855 Carrion 
Road, LaVerne, Calif. 91750.) 

Schora, F. C. , P. B. Tarman, and H. L. Feldkirchner. 1976. Oil Shale 
Present Technology and the IGT/AGA Process. Proceedings of the 8th 
Synthetic Pipeline Gas Symposium, pp. 281-314. Sponsored by the 
American Gas Association, Energy Research and Development Adminis- 
tration, and International Gas Union. Arlington, Va.: American Gas 
Association. 

Sladek, T. A. 1975. Recent Trends in Oil Shale Part 2: Mining and 
Shale Oil Extraction Processes. Colorado School of Mines Mineral 
Industries Bulletin 18(1): 1-20. 

Sullivan, R. F. , and B. E. Stangeland. 1978. Catalytic Hydroprocessing 
of Shale Oil to Produce Distillate Fuels. American Chemical Society 
Division of Petroleum Chemistry Preprint 23, no. 1, pp. 322-342. 
Washington, D. C. : American Chemical Society. 

Superior Oil Company. 1977. Multi-Mineral Oil Shale Project Venture 
Summary. Houston, Tex.: Superior Oil. 



6 REFINING OF COAL AND SHALE LIQUIDS 



The refining of coal and shale liquids will require many of the process- 
ing steps now used in refining petroleum. The types, sizes, and numbers 
of processing units needed, however, will depend on the properties of 
the feedstocks and the desired product slates. The feedstocks, in turn, 
will vary with the coal liquefaction or shale retorting process used. 

Shale oils extracted by different processes, in fact, do not differ 
radically from one another, but coal liquids vary widely from process 
to process. Pyrolysis, for example, yields highly unsaturated liquids 
containing high-boiling-point tarry fractions contaminated with coal 
solids. Direct liquefaction without the addition of catalysts produces 
high-boiling-point solvent-refined coal that may also be contaminated 
with solids. Catalytic hydroliquef action can produce either an all- 
distillate synthetic crude oil or a liquid containing high-boiling- 
point fractions and nondistillable material that may contain solids. 
Indirect liquefaction via synthesis gas yields all-distillate liquids 
or methanol, both quite different in character from direct liquefaction 
products. Table 25 lists, for several coal, shale, and petroleum 
liquids, the characteristics that determine the requirements of 
refining. 

Large-scale pilot plant tests of shale retorting have been carried 
out for many years, yielding relatively large amounts of liquids for 
evaluation, and studies of the refining characteristics of shale oil 
have been carried out in considerable detail. Experimentation with coal 
liquids, on the other hand, has been much more recent and only relatively 
small quantities of the product have been available. Thus, while it is 
possible to present some quantitative data on shale oil refining, the 
refining of coal liquids must be handled in a more qualitative manner. 

For reference purposes, Figure 28 is a simplified schematic diagram 
of a typical sour crude refinery, with the gas processing steps omitted. 
The relative size and severity of treatment in the various process units 
vary, of course, with the sulfur content and boiling range of the crude 
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product 


H-Coal 


Synthoil 
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product 


Composition 










Carbon, wt % 


87.93 


89.00 


87.62 


83.05 


Hydrogen, wt % 


5.72 


7.94 


7.97 


8.35 


Oxygen, wt % 


3.50 


2.12 


2.08 


7.15 


Nitrogen, wt % 


1.71 


0.77 


0.97 


1.10 


Sulfur, wt % 


0.57 


0.42 


0.43 


0.35 


Nickel, ppmw 


2 


1 
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Vanadium, ppmw 
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Titanium, ppmw 


130 


80 


150 
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Iron, ppmw 


140 
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Solid 
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Callen 
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(1976) 
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In another West Texas vacuum residue (not the one described by Callen et al 



CFFC 
Product 


Paraho 
Shale Oil 
Colo. 28 


El Palito 
No. 6 
Fuel Oil 


540 C 
West Texas 
Sour Residuum 


88.4 


84.5 


86.4 


83.88 


7.0 


11.2 


11.2 


9.97 


1.5 


1.6 


0.3 


0.48 


0.69 


1.96 


0.41 


0.4 a 


0.25 


0.64 


1.96 


4.19 
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3.5 


59 


34 a 
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0.2 


275 


52 a 


9.5 
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57 
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Bituminous 
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Sze 
(1980) 


Table 
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Callen 

et al. 


Callen 
et al. 


(1976) 


(1976) 



the fraction boiling above 975 F had these metal contents (Sze, 1980) 
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Heavy Liquid Feedstocks Containing Nondistillable Materials 

Typical of the heavy liquid feedstocks obtained from coal are (a) solvent- 
refined coal (SRC), (b) catalytically hydroliquef ied coal liquids contain- 
ing nondistillable fractions, and (c) pyrolysis liquids. 

As has already been noted in this report, the most effective way of 
using these heavy liquids at first may be to replace the petroleum 
fractions now being used for boiler fuels with coal-derived liquids that 
have undergone a minimum of refining. The petroleum fractions now used 
in boilers could then be refined to lighter products. This scheme would 
probably be cheaper than refining the coal liquids to lighter products. 
If coal liquids are put through a mild to moderate hydrotreating step to 
stabilize them and remove sulfur and nitrogen, the product will be usable 
not only as an environmentally acceptable boiler fuel but also as a re- 
finery feed, as discussed below. 

If, on the other hand, it is transportation fuels that are required, 
the refining could be carried out as shown in the schematic block flow 
diagram of Figure 29. The object of this processing sequence is to maxi- 
mize the production of transportation fuels at the lowest practical level 
of hydrogen consumption. For heavy SRC-like feedstocks and the COED raw 
pyrolysis liquids, a liquid f luidized-bed front-end hydrocracking process 
such as LC-Fining or H-Oil could be used. If a fixed-bed mode of contact- 
ing is used, the particulate content of these liquids (0.1-0.2 percent by 
weight) will cause premature fouling or clogging of the catalyst bed. The 
relatively high residue contents of these two feedstocks require the use 
of front-end hydrocracking, which is more readily carried out with all- 
distillate syncrude-type feedstocks, as described further on. 

In the first processing step of the refinery in Figure 29, the raw 
pyrolysis liquid or molten (or fluxed) heavy coal-derived liquid such as 
SRC would be mixed with recycle oil and fed to a liquid f luidized-bed 
hydrocracker containing a sulfur- and nitrogen-resistant catalyst. The 
objective of this step would be to reduce the fraction boiling over 850 F 
in the feed, to increase the H/C atomic ratio, and to remove a substan- 
tial amount of the heteroatoms (S, N, 0). Hydrocrackate or effluent 
product from this step would then be atmospherically distilled into a 
full-range naphtha, an atmospheric gas oil, and atmospheric bottoms 
products. Following this, the atmospheric bottoms would be vacuum dis- 
tilled into a vacuum gas-oil product and a vacuum bottoms product (boil- 
ing at more than about 900F). The latter could be fed either to a 
hydrogen plant converting steam and carbonaceous feedstocks into hydro- 
gen via a partial oxidation process, or to a coker. The product slate 
from the coker would consist of a coker gas oil, coke, and minor 
amounts of coker naphtha and gas. Whether coking were desirable would 
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o reuuce une SUIJLUL ana nitrogen contents, a step normally carried out 
rior to conventional catalytic reforming with noble metal catalysts, 
atalytic reforming would increase the aromatic content and octane number 
if the hydrotreated naphtha feedstock and yield a net hydrogen make. The 
roduct of the reforming would be a uniquely suited gasoline blending 
tock. 

The atmospheric gas oil generated by the atmospheric distillation 
r ould be combined with coker gas oil, if available, and fed to a hydro- 
reater where the H/C ratio would be increased, the feedstock aromatic 
:ontent decreased, and the heteroatoms content also decreased. If suffi- 
lent hydrogen were added and the aromatic content sufficiently reduced 
both goals expensive to realize), the products would be usable as jet 
; uels and diesel oils. Less hydrogen would be required to produce mid- 
listillate heating oils. 

The vacuum gas oil prepared during the vacuum operation could also 
>e hydrotreated and then catalytically cracked. This combination of 
iteps would produce both gasoline and fuel oil. The vacuum gas oil 
laterial could, on the other hand, be hydrocracked to produce a product 
ilate of gasoline, jet fuels, mid-distillates, and diesel fuels. The 
gasoline so produced might or might not require reforming, depending on 
:he pool octane requirement. 

This refining scheme will require a hydrogen plant. The heavy 
vacuum still bottoms would probably be a convenient feed for hydrogen 
>roduction; if additional hydrogen were required, it could be obtained 
jy the partial oxidation of additional coal. 



All-Distillate Synthetic Crudes from Direct Liquefaction 

Ql-distillate synthetic crudes obtained by direct coal liquefaction are 
Lighter (i.e., have a lower boiling range) than the heavy coal liquids 
ind are free of particulate contaminants. As a result, the refining 
)f such feedstocks for the production of gasoline and heating oil is 
relatively straightforward. As indicated in the block flow diagram 
}f Figure 29, these syncrudes can be processed without the front-end 
lydrocracking step. If, however, they have a significant concentration 
Df diolefins and require substantially lower temperatures in the primary 
distillation steps to avoid coking, it may prove advantageous to subject 
:hem first to a mild hydrotreating to improve their stability. The addi- 
Lion of this step would reduce the severity of the hydrotreating required 
downstream. 

The following fractions may be obtained from the atmospheric and 
vacuum distillation units: a light naphtha cut, a heavy naphtha frac- 



either hydrotreated and catalytically cracked or hydrocracked. There 
would be no need for a coker to process any heavy residue. 

Refining all-distillate crudes is simpler because of the more 
severe hydroliquef action used to produce them. It is too soon, however, 
to generalize on whether it would be more economical to produce and 
ship an SRC or an all-distillate syncrude from a primary liquefaction 
plant. The economics certainly favor the production of the maximum 
liquid product with minimum overall hydrogen consumption. 



Indirectly Produced Coal-Derived Liquids 

Indirectly produced coal-derived liquids (e.g., Fischer-Tropsch liquids 
methanol, gasoline derived from methanol) are characterized by their 
lower boiling ranges and the essentially complete absence of combined 
sulfur and nitrogen, a result of the elaborately purified syngas (t^ 
and CO) used in the production of these liquids. Although the refining 
of these indirectly produced liquids was not considered within the scop 
of this study, a few fundamental facts should be noted: 

Fischer-Tropsch liquids contain straight-chain olefins and 
paraffins, with almost no aromatics. Diesel fuels are easier 
to produce from them than from the highly aromatic products of 
direct liquefaction. The gasoline boiling range fraction has 
a low octane rating, requiring octane improvement processing 
steps (e.g., catalytic reforming of the naphtha and isomeri- 
zation of the C/C fractions). 



Gasoline from methanol contains aromatics and has a higher 
octane rating than Fischer-Tropsch liquids. The process pro- 
duces in addition LPG and small amounts of fuel gas, and almost 
no materials with boiling points above that of gasoline. 



REFINING SHALE LIQUIDS 

Raw shale oil may have to be subjected to either visbreaking or mild 
hydroprocessing at the retorting site (depending on the retorting 
process) to improve its handling characteristics and reduce its pour 
point before it is sent to a refinery. It is not expected, in general, 
that the refining would be carried out at the retorting site. Figure 
30 shows the various processing alternatives, with the product slate 
and product quality dictating the viable options. For a particular sii 
ation studied, the yields and product qualities of the shale oil after 
processing by the various options indicated in Figure 30 are as given 
in Table 26. In this studv. thp lipht pnHs wprp iisprl -i r\t-prna"l 1 v for 




No upgrading 



Mild upgrading 




Heavy oil 
cracking 




Hydro- 
stabilization 





Crude shale oil 

not readily transported 

by pipeline 



A cracked shale oil 
more suitable for 
transport by pipeline 



Moderate upgrading 



Shale 
retorting 




Arsenic 
removal 




Moderate 
hydrotreating 


i~ 









Suitable as boiler 
fuel or refinery 
feedstock 



Severe upgrading 













Delayed 
coking 




Hydrotreating 










Shale 
retorting 


Arsenic 
removal 


Severe 
hydrotreating 




















Hydrotreating 


Heavy oil 
cracking 







High-quality refinery 
feedstock similar to 
sweet crude oil 



Figure 30 Processing alternatives for shale liquids according to 
quality of end product 
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calendar day crude shale oil) 



Crude 

shale 

oil 



Visbreaking 



Heavy oil 
cracking/ 

hydro- 
stabilization 



C^+ liquid oil product 

recovered, barrels 

per calendar day 100,000 

Heating value of oil 

recovered, 

109 Btu per calendar day 605 
Shale oil product quality 



100,300 



605 



88,920' 



490 



Gravity, API 


19.8 


20.4 


34.0 


Pour point, F 


85.0 


20.0 


35.0 


Viscosity, cSt at 








40 F 


460 e 


370 


8 


100 F 


45 


35 


3 


Reid vapor pressure, psi 


3.5 f 


1.0 


7.0 


C 5 -430F 




f 




Volume, percent 


7.0 


11. 2 r 


37.7 


Sulfur, ppmw 


8,000 


9,200 


5,400 


Nitrogen, ppmw 


5,000 


10,000 


7,000 


430-600F 








Volume, percent 


16.0 


21. 8 f 


22.5 


Sulfur, ppmw 


7,000 


6,400 


7,700 


Nitrogen, ppmw 


14,000 


16,500 


21,000 


600-1050F 








Volume, percent 


70.0 


61.0 


34.3 


Sulfur, ppmw 


6,300 


5,800 


5,700 


Nitrogen, ppmw 


24,100 


23,500 


26,000 


1050F+ 








Volume, percent 


7.0 


6.0 


5.5 


Sulfur, ppmw 











Nitrogen, ppmw 











Total 








Volume, percent 


100.0 


100.0 


100.0 


Sulfur, ppmw 


7,000 


6,700 


5,800 


Nitrogen, ppmw 


21,000 


20,300 


17,200 



a Shale oil product has 5.5 percent 4 by volume. 



Boiler 
fuel 


Refined 
shale oil 


coking 


hydro- 
treating 


cracking/ 
hydro- 
treating 


96,000 


96,000 


88,000 b 


87,020 


87,930 d 


581 


568 


508 


506 


500 


36.3 

60.0 


40.0 
50.0 


29.7 

35.0 


43.0 
35.0 


43.0 
35.0 


20 e 
5.5 
1.0 


13 e 
4 
1.0 


20 
5 
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8.5 
3.3 
1.5 


8 
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5.0 


16. 5 f 

50 
400 


23. 6 f 
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21. if 
10,000 
10,000 


29.1 
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40.1 
1 
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29. 7 f 


32. O f 
50 
200 


32. 2f 
8,500 
16,000 


39.1 

20 
200 


31.5 
20 
200 


49.4 
600 
2,500 


40.0 
500 
600 


45.0 
6,000 
21,000 


31.6 
20 
1000 


25.3 
20 
200 


4.4 


4.4 











100.0 
500 
2,200 


100.0 
250 
340 


100.0 
7,000 
18,000 


100.0 
15 
410 


100.0 
13 
385 



^Shale oil product has 3.1 percent 64 by volume, 
^ith addition of pour depressant. 
f 400F TBP cut point. 



Arsenic removal is generally carried out in an atmosphere of hydrogen 
under pressure at intermediate temperatures (450-600F) in a fixed bed; 
a disposable adsorbent catalytically promotes the deposition of the 
arsenic in much the same way that other metals are deposited on hydro- 
processing catalysts. The cost of satisfactory removal is currently 
estimated to range from 25 to 50 cents per barrel. The panel believes 
that much more research is needed into the nature of the arsenic com- 
pounds in shale oils, possible mechanisms and better materials for re- 
moving these compounds, and better methods for disposing of the spent 
adsorbent. 

As shown in Figure 30, a moderate hydrotreating of shale oil will 
yield environmentally acceptable boiler fuels and suitable refinery feed- 
stocks. Direct hydrogenation at moderate pressures (1000-1500 psig) will 
reduce the nitrogen and sulfur contents of shale oils to the point at 
which they can probably be burned in boilers and process heaters without 
exceeding the emissions standards for SO X and NO . Moderately hydro- 
treated shale oil could also be admixed with crude fractions being used 
in various refinery processes. 

It may be desirable to upgrade the shale oil even more, producing a 
synthetic crude that is compatible with conventional crudes, allowing it 
to be mixed with petroleum-based streams in existing refineries. This 
upgrading can be accomplished in several ways, the principal methods be- 
ing (a) coking plus hydrotreating of the coker distillates, (b) severe 
hydrotreating of full-boiling-range raw shale oil, and (c) heavy oil 
cracking followed by hydrotreating. Let us examine these three alterna- 
tives briefly: 

(a) Where coking plus hydrotreating of the coker distillates is 
employed, the primary problems are handling the high-nitrogen 
coke produced (about 4 percent N) as well as low liquid yields. 
The coke could be gasified to produce hydrogen but the econom- 
ics of all the options would need to be carefully examined 
because of the low liquid yields (see Table 26). 

(b) Severe hydrotreating of full-boiling-range raw shale oil may be 
the most attractive processing route for shale oil, since it 
provides the greatest flexibility in the choice of the final 
product slate and the least severe environmental problems. As 
indicated in a Chevron study (Sullivan and Stangeland, 1978), 
acceptable catalyst life can be achieved and fully acceptable 
feedstock quality produced for downstream refining (e.g., cata- 
lytic cracking and reforming). The Chevron study shows the 
optimal product nitrogen level to be about 500 ppm; the con- 
ditions required to achieve this level are the following: 

a pressure of about 2200 psig (1850 psia Ho partial pressure) 



ponding increases in paraffin and naphthene contents. The 
resulting naphtha cut is a better feedstock for reforming than 
is found in most petroleum crudes. 

(c) The third processing alternative for producing high-quality re- 
finery feedstock is the use of heavy oil cracking (HOC-fluid 
catalytic cracking technology licensed by Phillips/Kellogg), 
followed by hydrotreating of the cracked naphtha, light gas oil, 
and heavy gas oil in separate units. Since the coke produced is 
far in excess of that required to maintain a heat balance, a 
very considerable amount of high pressure steam is generated, 
requiring efficient utilization. This process is similar to 
that of (a) above, but coke is not obtained as a product; in- 
stead, the coke is burned in the regenerator, the heat recovery 
being in the form of high pressure steam. As with the process 
described in (a), the product requires reasonably severe hydro- 
treating for nitrogen removal. 

The processing route that is optimal will depend on whether the re- 
fining takes place at the mine site as an integral part of the total 
mining-retorting-upgrading process, in a separate new refinery specif- 
ically designed for this purpose, or at an existing refinery to which 
facilities for handling shale oil are added. Many factors must be taken 
into account in choosing the location, including the total energy 
balance, the availability of feed streams for hydrogen generation, and 
the desired product mix. There are additional factors, such as the 
availability of water, the labor pool, the availability of space for 
expansion, and the means for transporting raw materials and products. 

Figure 31 is a process chart for a fully integrated raw shale refin- 
ery designed to maximize the production of transportation fuels with the 
minimum use of hydrogen. After arsenic removal and hydrotreating, 
the shale oil feedstock is atmospherically distilled into a full-range 
naphtha, an atmospheric gas oil cut, and an atmospheric bottoms product 
that is subsequently vacuum distilled into a vacuum gas oil fraction and 
a vacuum bottoms product (900F+). If the vacuum bottoms product is 
large, it could be fed to a coking process step or, alternatively, to a 
solvent de-asphalting process step that produces a decarbonized oil and/ 
or asphaltic residuum that could be used for the generation of hydrogen 
in a partial oxidation process. If the feedstock has not been sufficient- 
ly hydrotreated, the de-asphalted oil would be fed to a hydrotreater 
and then catalytically cracked. 

If the atmospheric residuum does not contain too large a quantity of 
heavy material or asphaltenes, the entire atmospheric residuum can be 
charged to a hydrotreater and catalytic cracker. 
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yields are aesirea, nuia coicing couia De considered, in either case, 
coke might be used to produce fuel gas or hydrogen by partial oxidation, 
although flexicoking (a combination of fluid coking and partial oxida- 
tion) may provide another option. 

Coker naphtha and straight-run naphtha from the atmospheric distil- 
lation could be combined and hydrotreated to produce a low-sulfur (less 
than 5 ppm) , low-nitrogen (less than 1 ppm) naphtha suitable for cata- 
lytic reforming. For octane improvement, conventional catalytic reforming 
would be entirely satisfactory. 

Atmospheric gas oil obtained from the initial atmospheric distilla- 
tion operation could be combined with coker gas oil and put through a 
hydrotreating step to remove heteroatoms and saturate aromatic rings, 
yielding jet and diesel fuels. 

Straight-run vacuum gas oil could be hydrotreated to reduce the 
concentrations of nitrogen, sulfur, and polynuclear aromatics prior to 
catalytic cracking. (If a de-asphalting process option is used, the de- 
carbonized oil would be combined with the straight-run vacuum gas oil 
before it is hydrotreated.) The product slate from this part of the re- 
finery would consist of gasoline, heating oil, fuel oil, and gas. 

Another alternative processing strategy would be to eliminate the 
coker and substitute a hydrocracking process step for (or combine it 
with) the catalytic hydrotreating and catcracking combination, as shown 
in Figure 32. Hydrocracking should increase the quantities of naphtha 
and/or diesel and jet fuel produced, but the naphtha from the process 
would require catalytic reforming. If a sufficiently nitrogen-resistant 
hydrocracking catalyst is not available, nitrogen would have to be re- 
moved prior to hydrocracking in a hydrotreatment step. 



REFINING TECHNOLOGY FOR CATALYTIC HYDROPROCESSING 

Overview 

Catalytic hydroprocessing should be given the greatest attention in 
future research efforts because of its importance in the refining of 
shale oil and direct-route coal liquids. It is essential for the removal 
of heteroatoms (particularly nitrogen and sulfur, which are present in 
large concentrations), and for the cracking of the high-molecular-weight 
coal liquids to more usable fractions. 

While one of the major concerns with petroleum has been the sulfur 
in the crude, there are problems with nitrogen as well in coal and shale 
liquids because of increasing restrictions on NO X emissions from fuels 
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molecular sieve catalyst during hydrocracking. The 100F temperature in- 
crease required to maintain constant product quality results in a severe 
increase in the rate of catalyst deactivation and a corresponding reduc- 
tion in catalyst life. 

In practice, the removal of nitrogen is generally more difficult 
than the removal of sulfur. Table 27 shows the extent to which nitrogen 
and sulfur can be removed by hydroprocessing from a shale oil, solvent 
refined coal, Synthoil (a coal-derived liquid from an earlier process), 
and three different petroleum distillates. The figures show that a 
lower percentage of the nitrogen is removed, generally, even when the 
hydroprocessing removes a high percentage of sulfur. 

As the boiling point of the feedstock increases, a given degree of 
sulfur and nitrogen removal requires a progressively higher severity 
(i.e., higher temperature, pressure, or hydrogen recycle rate, or lower 
space velocity), and may result in a shortened catalyst life. 

The need for increasing the severity of the operating conditions 
with the boiling point of the feedstock results from several factors. In 
the higher-molecular-weight feedstock: 

The compounds from which the heteroatoms are to be removed are 
less reactive. 

The more highly aromatic molecules of the feedstock compete with 
the heteroatom-containing molecules for catalyst sites, reducing 
their rate of reaction. 

The more highly aromatic molecules deactivate catalysts more 
severely, requiring higher hydrogen pressures to reduce coke 
formation to an acceptable level. 

The higher aromaticities of coal and shale liquids make them more 
difficult to hydrocrack and require a higher hydrogen consumption. 

Catalysts 

Typical catalysts for the processes described here consist of combina- 
tions of cobalt, nickel, molybdenum, and tungsten supported on alumina. 
Such catalysts are normally 3-6 percent cobalt or nickel and 12-18 per- 
cent molybdenum or tungsten. Under operating conditions, these metals 
are in the form of sulfides on the alumina. The preferred catalyst for 
hydrodesulfurization is Co-Mo/Al 2 3 (cobalt molybdate on A1 2 3 ). The 
frequent choice for hydrodenitrogenation is Ni-Mo or NiW on A1 2 3 . The 
~~-f **>,** ^1-alv.Qi- for hvdrocrackine is Ni and W on an acidic support 
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Figure 33 Effects of nitrogen content of feed on noble metal acid 
molecular-sieve catalyst in Unicracking-JHC process (Retallick, 196A) 
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Sulfur 



Nitrogen 



In In Percent In In Percent 
original product removed original product removed 



Shale oil a 0.6 0.0025 99.6 



Solvent-Refined 

Coal II b 0.29 0.001 99.6 



H-Coal < - 0.32 0.001 99.6 

Three petroleum 



Sullivan et al. (1977). 
Sullivan et al. (1980). 



Illinois No. 6 coal. 



Thomas (1970). 
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Any of these will catalyze all three reactions but with different 
selectivities. The best hydrogenation catalyst is probably Ni-W/A^O-^ 
but hydrocracking may also be catalyzed by nonacidic catalysts with 
an active hydrogenation-dehydrogenation component. Such catalysts, using 
a thermal cracking mechanism, are frequently preferred for very heavy 
feedstocks that would severely coke a strongly acidic support. For clean 
feeds, hydrocracking catalysts made up of a zeolite base with palladium 
or platinum are also employed (Ward, 1973). 

Catalysts are generally extrudates. The particle size (1.5-3mm) 
is usually made as small as possible to minimize intraparticle mass 
transfer limitations, particularly for heavy feedstocks. The lower 
limit of particle size is set by the pressure drop allowable in the 
catalyst bed. Liquid f luidized-bed reactors have the advantage of 



For petroleum feedstocks that are free of solids, the reactors used 
are generally the trickle-bed type, with the oil "trickling" down over 
the catalyst in the presence of high-pressure hydrogen. 

With heavy coal or shale liquids that are contaminated with solids, 
liquid fluidized-bed reactors (e.g., LOFining or H-Oil reactors) must 
be used to avoid plugging. This type of reactor (essentially a stirred 
tank reactor) has the added advantage of permitting the intermittent 
addition of fresh catalyst and withdrawal of spent catalyst while the 
unit is on stream. It also allows the use of smaller catalyst particles 
(less than 0.8 mm), reducing the mass transfer problem encountered with 
heavier feeds. The greater volume requirement of this type of reactor 
can be largely offset by operating at higher average temperatures but 
the increased hydrocracking that results may be undesirable. The 
design of both reactor types is straightf oward because of the consider- 
able experience gained from the petroleum industry. What are needed are 
the catalyst deactivation rates with the feedstocks to be used. In 
operation, the reactor temperature can be increased with time to com- 
pensate for the deactivation of the catalyst and maintain constant con- 
version. If the deactivation is due to coking, the catalyst can be 
regenerated by controlled combustion of the coke. If, however, the de- 
activation of the catalyst is due to the deposition of metals, regenera- 
tion will not be possible. 

Catalyst costs for processes that involve direct contact between 
coal and a particulate catalyst may be as high as $1.00 per barrel, but 
the cost may be much lower when solids separation is carried out prior 
to hydroprocessing. 

Reactor systems include a preheat furnace, reactor, hydrogen recycle 
and purification system, and product separation train (Figures 34 and 
35). For dirty feeds, the life of the catalyst can be extended by first 
passing the feed through a guard chamber with a cheap disposable catalyst 
to remove metals and rapid-coking components. 

For the more severe operations with coal and shale liquids that 
would lead to undesirably high temperatures in the catalyst bed (hydro- 
genation and hydrocracking being quite exothermic), trickle-bed reactors 
are staged and cold gaseous hydrogen injected between the stages to 
reduce the temperature of the reactant stream. When two stages are nec- 
essary (because the feed is high in nitrogen and sulfur and particularly 
heavy, and considerable hydrocracking is required), more efficient pro- 
cess operation can be achieved by placing each stage in its own recycle 
loop. By this means, NH^ and IL^S can be separated from the hydrogen 
before it is fed to the second catalyst bed (Figure 35). With the re- 
moval of sulfur and nitrogen in the first stage, hydrocracking can 
be carried out more effp.rf.ivp.lv in fhp sprrmrl 
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CONCLUSIONS 

The conclusions reached on the processing of coal and shale liquids are 
as follows: 

Since shale liquids are more nearly like petroleum than are coal- 
derived liquids, shale liquids are more easily processed to 
diesel and jet fuels. Minimally upgraded shale oil could ini- 
tially enter the market as a boiler fuel or refinery feedstock. 

If coal and shale liquids can be transported economically, they 
could be refined in existing refineries, suitably modified, with- 
out requiring the construction of new ones. 

The refining of coal and shale liquids will involve many of the 
processing steps used in petroleum refining, although they may 
vary in some detail. Refineries for processing coal and shale 
liquids will, consequently, resemble modern petroleum refineries. 

The most important step in refining coal and shale liquids 

is hydroprocessing to remove the heteroatoms (S, N, 0), reduce 
the average molecular weight to that required for the products 
being produced, and reduce the aromaticity. In shale liquids, 
high hydrogen consumption during hydrodenitrogenation makes 
nitrogen removal the single most important problem in refining. 
In coal liquids, high hydrogen consumption is required to reach 
acceptable nitrogen contents and to reduce the aromatic content. 

Hydrogen consumption represents a major fraction of the cost of 
processing coal and shale liquids, and needs to be minimized. 

Coal and shale liquids can be hydroprocessed with the use of 
catalysts, as is done at present with petroleum. The lighter 
fractions of coal and shale liquids, behaving much like light 
petroleum feeds, can be hydroprocessed and refined with existing 
technology, requiring little further research. But fractions 

of coal and shale liquids require more severe hydroprocessing 
than the corresponding petroleum fractions and cause more severe 
catalyst deactivation. They also require more hydrogen. Par- 
ticular attention must be given to the development of catalysts 
that can remove nitrogen with less hydrogen consumption. Cata- 
lysts with greater activity maintenance are also needed. 

Hydroprocessing costs are increased by the severity of the pro- 
cessing conditions. The costs can be reduced by using coal and 
shale liquids of better quality. 



tents of coal-derived liquids are much lower and pose no problei 

After coal and shale liquids have been adequately hydroprocesse< 
they generally can be processed in much the same way as petrolei 
feed stocks. Since the refining technology for petroleum has 
been so well developed, a major R&D effort is not needed on 
downstream processes for coal and shale liquids (i.e., catalytic 
cracking, catalytic reforming, isomerization, etc.). 



RECOMMENDATIONS 

Although some processes for refining coal and shale liquids are 
already available, the costs are still high, due primarily to tl 
high rate of hydrogen consumption required at present for boil- 
ing point reduction and the removal of sulfur and nitrogen het- 
eroatoms. A reduction in the cost of hydrogen should therefore 
be an important objective of research and development efforts. 

The lighter components of coal and shale liquids after refining 
could be used initially as gasoline blending agents. 

Research and development should be carried out on the refining 
(particularly the hydroprocessing) of liquids with a wide range 
of properties. None of the three routes for direct coal lique- 
faction (i.e., pyrolysis, solvent extraction, and catalytic 
liquefaction) can, as yet, be considered out of the running. 
Each has its advantages and each produces liquid products with 
different properties. 

A fundamental research program is required for a better under- 
standing of hydrodenitrogenation catalysis and the development 
of improved and new catalysts. The Department of Energy should 
actively sponsor such a program. Also needed are a better 
understanding of the forms of arsenic and mineral matter in coa 
and shale liquids and better ways of removing these catalyst 
poisons. 

The Department of Energy should continue its program of 
sponsoring tests of industrial proprietary processes to keep 
abreast of the current state of the art. 

The Department of Energy should sponsor considerably more 
fundamental research on the reactions involved in the refining 
of coal and shale liquids. A better understanding of the re- 
action mechanisms is essential to the development of new and 



end-use equipment. Facilities should be established for the 
supply of adequate quantities of fuels with a wide range of 
compositions for testing and. research in fuel-consuming 
devices. Full cooperation with the fuel and equipment manu- 
facturing industries is essential. 
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7 HYDROGEN PRODUCTION 



The preceding chapters have emphasized the importance of reducing hydro- 
gen consumption in the conversion of coal to liquids meeting normal 
product specifications. Liquefaction plus subsequent refining might 
typically require about 6,000-9,000 cubic feet of hydrogen per barrel 
of refined products. Since the production of hydrogen from coal costs 
approximately $3 per thousand cubic feet (Cart _et_ _a_U , 1978), the cost 
of hydrogen will obviously be a major component of the total product 
cost. The incentive for producing hydrogen more cheaply is clearly 
great. A projection of the hydrogen demand for conventional uses is 
shown in Table 28 . 

If, by the year 2000, 1 million barrels per day of coal and shale 
liquids were refined using an average of 4,000 cubic feet of hydrogen 
per barrel, hydrogen use would come to 0.5 x 10 ^ Btu per year, a major 
but not radical increase when compared to the projected range of 2.3- 
3.4 x 10 Btu per year for conventional uses. (A comparable amount 
might be used for coal liquefaction to produce the liquids for refining.] 
Further growth in the refining of coal and shale liquids could increase 
the hydrogen demand by an order of magnitude. 



PRODUCTION PROCESSES 
Steam Reforming 

At present, hydrogen is generally manufactured by "steam reforming," a 
process in which natural gas and steam are reacted at high temperature 
to produce a mixture of carbon dioxide, carbon monoxide, and hydrogen. 
(In petroleum refining, most of the hydrogen is produced as a by-product 
from the catalytic dehydrogenation of naphtha in producing high-octane 
gasoline, but any major increase in hydrogen demand for refining will 
require an increase in the use of manufactured hydrogen.) Steam reform- 
ing has been gradually improved during its many years of commercial use. 
The process is carried out by reacting a light hydrocarbon feedstock 







Year 




1973 


1985 


2000 


Petroleum refining 


0.34 


0.51 


0.5-1.6 b 


Ammonia production 


0.34 


0.54 


0.92 


Methanol and other chemicals 


0.12 


0.22 


0.61 


Other uses 


0.04 


0.10 


0.25 



Q 

Based on 322 Btu gross heating value per standard cubic foot. 

Quantity will depend on whether residuum cracking is done by coking 
or hydrocracking. 



H0 - * 00 + 31 (1) 



Energy for the reaction is produced by burning some of the hydrocarbon 
feedstock separately in a furnace. The reaction products of the feed- 
stock-steam mixture are then cooled and reacted with additional steam in 
the presence of a metallic iron catalyst at about 660 F, resulting in the 
following reaction: 

00 + H 2 - * C0 2 + H 2 (2) 

The net reaction becomes 

014 + 2H 2 - * C0 2 + 4H 2 (3) 

with half the hydrogen product coming from the methane feedstock and half 
from the steam. 

Hydrogen can be produced from any light hydrocarbon feedstock that 
either exists in a gaseous state at the reaction temperature or can be 
vaporized. Methane is the most desirable feedstock because it has the 
highest H/C ratio of all the hydrocarbons. 

Partial Oxidation 



oxygen in a gasincation ^partial oxidation; reactor at about Z4UU j?, the 
following reactions take place: 

CH l>8 + H 2 >. CO + 1.9 H 2 (4) 

CE I g + 1.45 2 ^ C0 2 + 0.9 HO (5) 

CO + H 2 j. C0 2 + H 2 (6) 

The heat for the endothermic reaction of equation (4) is supplied by the 
oxidation reaction of equation (5). Pure oxygen is used instead of air 
for reaction (5) to avoid diluting the synthesis gas with nitrogen. 
When the products from the gasification reactor are cooled to about 
700F, any remaining CO is shifted to H 2 by reaction (6). The net 
reaction for partial oxidation of residual oil thus becomes 

CH-i o + 0.98 H + 0.51 ^ CO + 1.88 H (7) 

.o i 2 2 2 

Hydrogen from Coal 

Although hydrogen can be produced from coal by a partial oxidation 
process similar to the partial oxidation of residuum , the process 
is more difficult to carry out, coal being harder to handle and rela- 
tively unreactive. The use of coal adds an additional problem in the 
need to remove the ash from the gasification reactor. The net 
result is substantially higher operating costs. 

Another problem with coal is its low H/C ratio of about 0.8. With 
coal as a feedstock, as with residua, hydrogen is produced by reforming, 
oxidation, and shift reactions: 

CH n + H - CO + 1.4 H (8) 

UO Z Z 

CH. + 1.2 >- C0 9 +0.4 HO (9) 

U. O Z Z Z 

CO + H 2 C0 2 + H 2 (10) 

The net reaction is 

CH. _ + 0.70 + 0.60 H ^ C0 + H (11) 

U. o L Z Z Z 

With coal as a feedstock, the gasification reactor is usually run 
at about 2700F, the heat required for gasification reaction (8) being 
supplied by burning part of the coal with oxygen, as in reaction (9). 
When coal is gasified at a lower temperature, the product is substitute 
natural gas. 
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ment, but significant progress is being made in reducing capital costs 
raising pressures and improving electrodes and electrolytes. (In the 
discussion of costs below, the cost of hydrogen production by electro- 
lysis is based on a performance similar to that projected for the Gener 
Electric Solid Electrolyte Process.) 

Presently under investigation in various parts of the world are a 
number of processes that produce hydrogen from water by a series of hea 
driven multiple-step reactions. While these exploratory studies are in 
too early a stage to make accurate estimates of system efficiency and 
costs, it appears unlikely at this time that they will be competitive w 
the current method of releasing hydrogen from water by combining the 
oxygen in the water with the carbon in coal. Processes using nuclear- 
generated heat to break water down into hydrogen and oxygen in a closed 
cycle must compete with processes in which nuclear-generated heat is us 
to produce electricity that is then used to remove the hydrogen from wa 
by electrolysis. 

The best of the the rmo chemical processes, offering efficiencies in 
the 40-50 percent range, appear to be at least as efficient as electrol 
sis with a Rankine-cycle generator working over the same temperature 
range, and may be somewhat more efficient. 

A number of other ways of producing hydrogen are of interest. One 
involves the use of iron to decompose water. The hydrogen in the water 
is released by the formation of iron oxide, which is then converted 
back into iron in a reduction process using gas produced from coal. 
A version of this process, under development at the Institute of Gas 
Technology with support from a number of utility and industrial groups 
and the U.S. Department of Energy, was carried to the pilot plant stage 
on a scale that used two tons of coal per day. 

The use of (XK and E^S acceptors such as limestone during the gasi 
fication of coal can yield refining grade hydrogen in one step, but the 
problems, involving limestone life and regeneration, are still serious. 

The use of air instead of oxygen in multiple-bed fluid solids syst 
has considerable potential if the problems can be overcome. Advances i 
technology and design could make this approach attractive. 



Comparative Costs 

In comparing the costs of the various processes, we assume that the nev 
generation of closed-cycle thermochemical processes will have costs anc 
efficiencies comparable to those of new electrolysis processes. Figure 
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2.43 



3.16 



2.96 



2.63 



0.65 




1.65 




2.52 




2.63 
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forming 
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oxidation 
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K-T New 

Coal gasification 



1980 2000 

SPE 
electrolysis 



jres on bars are 1980$/1000SCF 

SCF = 0.322 x 10 6 Btu (gross heat of combustion) 

Lgure 36 Projected costs of hydrogen production by various processes, 

1 plants producing 100 million standard cubic feet per day, at a 
idcontinent location (Corneil, et lal. , 1977) . Numbers represent 1980 
Dllars per thousand standard cubic feet (0.322 million Btu gross heat 
E combustion) . 



100 million standard cubic feet of hydrogen per day (the quantity required 
to refine approximately 25,000 barrels of coal and shale liquids). The 
estimates are based on the work of Corneil et al. (1977). Feedstock and 
energy costs as given in Table 29 were assumed, along with a bef ore-tax 
return of 20 percent per year. 

As seen in Figure 36: 

Natural gas reforming, with gas at $3.15 per million Btu, provides 
the lowest cost hydrogen due to the low capital and operating costs. 

Petroleum residuum conversion requires a larger capital invest- 
ment. Although the feedstock is cheaper than natural gas, the 
low thermal efficiency combined with the low-hydrogen, high-sulfur 
content of the residuum results in total feedstock costs that are 
about the same as the cost of natural gas. 

Partial oxidation of coal (using available Koppers-Totzek technol- 
ogy, for example) requires a very high investment that more than 
makes up for the lower feedstock costs. The figures shown for 
the "new" technology are for the same type of process run at a 
higher pressure (400-500 psi), resulting in high coal conversion 
and the formation of little methane. (Such a process is current- 
ly under development in a program in which Koppers and Shell are 
taking part.) The "new" technology lowers the costs of the 
Koppers-Totzek process by about 15 percent, making it competitive 
with residuum oxidation. 

The projected solid polymer electrolyte (SPE) process will involve 
a relatively low capital investment for the electrolysis equipment, 
but electric power costs will be high, depending largely on the 
capital costs of the generating equipment. The hydrogen produced 
by this process will very likely cost substantially more than 
hydrogen produced by the alternative processes. The use of 

lower cost off-peak electricity will not help to any extent, the 
saving in power costs being balanced out by the cost of storing 
the hydrogen. 

Although the lowest cost process for hydrogen production at present 
is steam reforming of methane, a 50 percent increase in the cost of 
methane would raise the cost of hydrogen to that estimated using the 
"new" coal gasification technology. The trends now being seen in the 
discovery and production of methane from the conventional drilling of 
permeable formations point to short supplies and increasing costs over 
the years ahead. 



stock 1980 dollars per million Btu 

ral gas $3.15 

oleum residuum $2.60 (at $15 per barrel) 

$0.96 (at $21.80 per ton) 
tricity $8.80 (at 3$ per kWh) 



eves will prolong the economic life of hydrogen production from 
ane, it seems prudent at this time to assume that the production of 
ogen from coal will eventually displace production from methane. 

The cost of producing hydrogen from coal is now nearly competitive 
the cost of producing it by residuum conversion, and the projected 
dwide shortage of petroleum after 1990 provides a powerful incentive 
using coal. During the next century, shortages of coal and concern 
t the buildup of carbon dioxide in the atmosphere may bring about 
ansition to hydrogen production by the electrochemical or thermo- 
ical splitting of water, however. 

The capital costs for plants that produce hydrogen from coal are 
n in Table 30. 

The bulk of the cost is in the synthesis gas product ion, but the cost 
hift conversion and methanation and the cost of carbon dioxide remov- 
re sufficiently high to warrant efforts toward cutting these costs 



The capital costs for synthesis gas production shown in Table 30 can 
roken down as shown in Table 31. There are no easy targets here for 
jor reduction in costs, although the optimization of the pressure 
Is can result in a substantial gain. 



CONCLUSIONS AND RECOMMENDATIONS 



WJ-LU el CdJJcU LL.,y 

day 



Process Millions of 1980 dollars 

Koppers-Totzek plant "New" technology plant 



Synthesis gas production 

(including 2 plant) 106.4 (72.5%) 82.1 (67.1%) 

Shift conversion and 

methanation 16.7 (11.4%) 16.7 (13.6%) 

C0 2 removal 23.6 (16.1%) 23.6 (19.3%) 

Total 146.7 (100.0%) 122.4 (100.0%) 



Table 31 Breakdown of capital investment costs for synthesis gas 
production 



Process Percent 

Coal preparation and storage 10 

2 plant and H 2 compression 70 

Gasification 20 



total cost. The search for ways of reducing this cost should be 
given a high priority in the synthetic fuels programs of the 
Department of Energy and of private industry. 

The most appropriate and economical sources of hydrogen for this 



limitations and/or environmental considerations may lead to the 
need for alternatives. 

The cost of hydrogen might be reduced by 10 to 15 percent by o{ 
timizing and further developing existing partial oxidation pro- 
cesses for converting coal to hydrogen. An additional 15 perct 
cost reduction may be obtainable by fully optimizing and devel- 
oping processes that are now less well developed (e.g., air 
oxidation in a multiple fluid bed system, the use of C02 accept 
such as CaO, or the use of oxygen acceptors like iron). 

The U.S. Department of Energy should give a high priority to tl 
identification and support of R&D and systems approaches to 
lower cost processes for converting coal and char to hydrogen. 
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8 ENVIRONMENTAL EFFECTS 



Substituting coal and shale liquids for the prevailing feedstocks of 
petroleum refineries will require a careful examination of all of the 
environmental effects to be encountered. While modern petroleum refin- 
eries are generally in compliance with the regulations covering air anc 
water pollution and solid waste disposal, a substituting synthetic 
crudes for petroleum feedstocks can have adverse effects. 

The potential adverse effects of substituting synthetic crudes foi 
petroleum depend on the location of the refining operation, the refin- 
ing scheme required, the methods for handling the products, and the 
effects encountered in combustion or other end use. A key factor, of 
course, is the chemical composition of the synthetic crude as compared 
with that of petroleum. Although pilot-scale tests on shale liquids 
indicate it is possible and practical (using petroleum refining tech- 
niques) to keep the gaseous, liquid, and solid wastes within the limits 
established by current environmental regulations, the refining of coal 
liquids is not so far advanced. Problems that have resulted in the 
past from new economic and technological developments underline the 
need for better assessments of the environmental, economic, social, anc 
institutional impacts of such developments. 



^Pollution control and the impacts of the standard crude petroleum pro- 
ducing and consuming industries have been reported extensively in the 
literature. Various studies have dealt with the occupational exposure 
of refinery workers, the health effects of refinery products on handle] 
and users, and the effects of emissions and effluents from refineries, 
blending stations, and service stations on the general population (Bail 
1967). Work on fugitive emissions is now in progress. 

The site-specific environmental effects associated with the productioi 
of synthetic crudes are not considered in this chapter, because these 






Although considerable research has been carried out in an attempt to 
establish acceptable environmental standards, there is still a great 
need for additional data that can be used to establish conservative, 
yet practical, parameters for environmental quality. Research is 
needed to identify and evaluate the risks of exposure to hazardous 
substances, estimate the costs of reducing the risks, and place 
the costs and risks in proper perspective. It is well established that 
the presence of a hazardous substance does not necessarily mean that it 
will be harmful. There are elements that are essential to life at one 
concentration and hazardous to life at other concentrations. A sub- 
stance may be harmless as it exists in nature (or under similar circum- 
stances) but harmful under other circumstances. 

The impact of a substance on human health and the environment is a 
function of the mode of occurrence, concentration, and time. For this 
nation to become self-sufficient in energy, it is imperative that we know 
as much as possible about the distribution of the toxic materials that 
result from our technology and the impacts of these materials on health 
and the environment. The state of the art is such that identifying and 
measuring some elements and compounds are often possible at levels well 
below those that may be harmful. 



LOCATION OF THE REFINING OPERATION 

The most likely source of shale oil in the relatively near term is 
the Green River formation at the junction of Colorado, Wyoming, and 
Utah. The most likely sources of coal oil are the western, midwestern, 
and Appalachian reserves, with the western reserves now being given 
the greatest attention. 

The production of shale liquids will require extensive mining and 
extraction operations in areas that have thus far been unaffected by 
industrial activities. Some of the same problems will be encountered 
with coal liquids produced from western coals. Even if their viscosi- 
ties are low enough to permit pumping at ambient temperatures, their 
chemical instability and immiscibility with heavy petroleum fractions or 
crude may make it desirable to refine coal liquids at their sources. 
Thus, in both cases refining will have an additional environmental 
impact at the source of the raw materials. 



CHEMICAL COMPOSITION OF SYNTHETIC CRUDES 

The chemical constituents of coal and shale liquids of most importance 
in determining the refining schemes to be used are the concentrations 
of heteroatoms (oxveen. sulfur, and nitrogen), polycyclic organic 
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83.1-85.9 


84.5 


83.0-89.0 86.0 


86.5 


Hydrogen 
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Oxygen 


0.9-1.89 


1.4 


0.38-7.15 3.8 


0.5 d 


Sulfur 


0.5-0.9 


0.7 


0.35-0.57 0.5 


0.1-5.3 1.0 


Nitrogen 


1.3-2.18 
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0.77-1.71 1.2 
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Nickel 
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1-59 


0.2-124 14.0J* 


Vanadium 
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0.2-275 


0.1-220 25. 4 d 
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10-52 
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1-150 


_ _ 



a See Table 20, Chapter 5. 
b See Table 25, Chapter 6. 
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Derived from Fry back (1980), except where noted. 
d Petroleum Publishing (1973). 



liquids, coal liquids, and (for comparison) petroleum crudes, along 
with their concentrations of some trace metals. 



Heteroatoms 

Because of their higher heteroatom contents and lower hydrogen contents 
shale and coal liquids will in general require more hydrogenation 
than petroleum crudes, but subsequent processing will very likely be 
similar to the conventional processing of petroleum crudes. 
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Since the oxygen contents of coal and shale liquids are about 3 to i 
times those of petroleum crudes on the average (Table 32), corresponding- 
ly more condensate water with high concentrations of poly cyclic organic 
matter will be produced during the hydrogenation of coal- and shale- 
derived crudes. However, petroleum refining generates considerably 
larger amounts of wastewater (from desalting and conversion processes) 
that contains similar compounds. 

The nitrogen contents of coal and shale liquids, 4 to 9 times those 
of petroleum crudes on the average (Table 32), will result in the genera- 
tion of significantly more ammonia during hydrogenation. This nitrogen 
must be removed from the product stream because it would otherwise 
poison downstream catalysts and degrade the products. 

The sulfur in coal and shale liquids must also be removed during 
hydrogenation to protect downstream catalysts and meet product quality 
specifications. The sulfur contents of coal and shale liquids are lower 
than those of petroleum crudes on the average a (Table 32), and lower 
quantities of hydrogen sulfide will be produced. Where the balance 
between nitrogen and sulfur is conducive to the production of the fertil- 
izer ammonium sulfate, as is frequently the case in the refining of pet- 
roleum crudes, it may be possible to use this production to minimize 
the discharge of sulfur and nitrogen to the environment. 



Polycyclic Organic Materials (POMs) 

The higher oxygen and poly cyclic organic matter contents of synthetic 
crudes, as compared with petroleum, create the potential for greater 
concentrations of organic matter in the process wastewater. However, 
little quantitative information is available. The wastewater results 
from the separation by condensation of the water generated from the 
product stream during processing. Since the condensates are saturated 
solutions under the prevailing process conditions, and since poly- 
cyclic materials are more water soluble than paraffinic materials, the 
condensate waters from the processing of synthetic crudes will have 
higher concentrations of organic matter than the condensate water from 
petroleum crudes. 

The presence of polycyclic organic materials and hazardous volatile 
elements in fuel oils will necessitate careful combustion control because 
of the combustion sensitivity of POMs; incomplete combustion will release 
particulates, hazardous POMs, and adsorbed toxic elements. POMs can also 
be created during some complete combustion processes. The use of such 
fuel oils will need to be carefully monitored if environmental problems 



percent shale oil (Southern California Edison, 1976). 

The relatively high POM contents of synthetic crudes increase the 
potential for pollution not only from the hydrogenation step but also 
from subsequent refining steps. Since the impact will be refinery- 
specific, it is difficult to predict magnitudes at this stage, but it 
is certain that the higher POM contents of synthetic crudes will increase 
the likelihood of carcinogenic, mutagenic, and teratogenic substances 
in the waste products. 

The most noxious POMs of synthetic crudes (i.e., phenols, cresols, 
and carbolic acids) can readily be degraded biologically. From the 
limited data available, it appears that biological treatment plus efflu- 
ent polishing will effectively remove the most important pollutants. 
Although effluents that are treated biologically show no acute toxic 
effects on fish, they frequently contain significant concentrations 
of organic matter that cannot be biologically degraded any further. 
Little is known of the impact of these substances on the environment. 



Trace Elements 

Serious environmental problems may also be created by the trace 
elements in coal and shale liquids; the effects depend largely on the 
distribution of these elements during processing. The concentrations 
in the product, by-product, and water phases; on the catalysts; and 
in the emissions to the environment could range from levels that are 
not harmful to levels that can affect refinery personnel, users, and 
the general public. The concentrations in the water phase could create 
the need for additional wastewater treatment and increase wastewater 
treatment sludge disposal problems. The concentrations on catalysts 
could limit the use of thermal regeneration, increasing catalyst require- 
ments by 5 to 20 times and creating serious disposal problems. New 
methods need to be developed for economically recovering the critical 
metals in spent catalysts without producing environmental problems. 

A serious problem may result from the combustion of end-products 
that contain high concentrations of trace metals. A test with conven- 
tional fuel oil in a utility boiler has shown that the quantities of 
barium, nickel, arsenic, lead, and mercury in the stack gas can range 
from a moderate to large fraction of the concentration of these elements 
in the fuel 13, 16, 32, 78, and 100 percent, respectively (Southern 
California Edison, 1976). The substitution of synthetic fuels for con- 
ventional petroleum-based fuels can therefore seriously aggravate the 
air pollution problem. 

TVl3 ~\ -i m-i -t- O f\ / 



rerining or coa_L ana snaxe .Liquids is needed to more clearly delineate 
the nature of the problems that are likely to be met with gaseous , 
liquid, and solid effluents. More studies like those made by Battelle- 
Northwest (Fruchter et al., 1977), TRW, and Denver Research (U.S. Environ- 
mental Protection Agency, 1977c) would be useful and could be carried 
out in conjunction with process R&D. The toxic, mutagenic, teratogenic, 
and carcinogenic nature of the final products and the possible effects 
of these products on the general public will also need to be examined 
in more detail. 



REGULATIONS AND CONSTRAINTS 

Federal, state, and local governments are now concerned with more than 
the protection of the health of the general public. In addition to the 
regulation of the workplace and the quality of the air and water affect- 
ing human beings, existing laws and policies protect fish and wildlife 
life, endangered biological species, scenic rivers, and historical and 
cultural sites. Public participation is now encouraged in matters 
affecting the environment. 

The most important federal laws on the control of the environment 
are the following: 

National Environmental Policy Act of 1969 (PL 91-190) 

Clean Air Act Amendments of 1977 (PL 95-95) 

Clean Water Act of 1977 (PL 95-217) 

Safe Drinking Water Act of 1974 (PL 93-523) 

Resource Conservation and Recovery Act of 1976 (PL 94-580) 

Toxic Substances Control Act of 1976 (PL 94-469). 

Under the National Environmental Policy Act, the responsible 
official must file with the Environmental Protection Agency a detailed 
environmental impact statement for any proposed major federal action 
significantly affecting the environment. The statement must include 
descriptions of alternatives to the proposed action, the effects on the 
"maintenance and enhancement of long-term productivity," and "irreversi- 
ble and irretrievable commitment of resources" that would be involved. 

The Clean Air Act regulates the emission of particulates, sulfur 
oxides, nitrogen oxides, carbon monoxide, oxidants, lead, and hazardous 
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quality better than the NAAQS are designated Prevention of Significant 
Deterioration (PSD) areas and are allowed incremental increases in emis- 
sions for new developments depending on the type of area (e.g., national 
parks and the like). Areas that do not meet NAAQS are required to obtain 
offsets in emissions from some other source to accommodate development. 

Under the Clean Water Act, various requirements must be met for a 
permit to discharge wastes into bodies of water. While no specific 
effluent standards have been set for such discharges from coal lique- 
faction and oil shale retorting facilities, the refining of synthetic 
crudes would be subject to the same standards as petroleum refining. 
For dredge-and-fill operations in a navigable stream, a Section 404 
permit must be obtained from the Army Corps of Engineers, with the con- 
currence of the Environmental Protection Agency. Exceptions to the act 
may be required for wastewater discharges in western energy-development 
areas where natural waters, without the discharge of wastes, do not 
meet water quality criteria. Effluent limitations imposed on the petro- 
leum industry on July 1, 1977, were based on the use of the best practi- 
cable control technology currently available. Limitations on water 
pollution by the industry were also affected by the Settlement Agreement 
between the National Resources Defense Council and EPA (June 7, 1976) 
and a U.S. Court of Appeals ruling (August 11, 1976). The settlement 
agreement now covers a list of 129 priority pollutants that must be 
taken into account in defining the permissible control technology. 
Effluent limits have been set on cadmium, copper, cyanides, lead, mer- 
cury, zinc, arsenic, nickel, silver, selenium, phenol, and chromium. 

The Safe Drinking Water Act regulates the injection and reinjection 
of fluids into the ground, specifying monitoring and mitigation measures 
to protect groundwater systems. Permits must be obtained for the rein- 
jection of fluids into the ground in Colorado. 

The Resource Conservation and Recovery Act regulates the transporta- 
tion, storage, and disposal of solids, semisolids, liquids, and contained 
gaseous wastes from the point of generation to the point of disposal. 
Under this Act, wastes with certain levels of reactivity, corrosivity, 
ignitability , toxicity, radioactivity, teratogenicity , mutagenicity , 
infectiousness, and phytotoxicity are to be classified and listed as haz- 
ardous, requiring special transportation to and disposal at waste sites 
that have EPA or state permits. Waste lubricating oil is already on a 
special chemicals list and is classified as hazardous. A list of pro- 
cesses generating hazardous wastes includes kerosene filter cakes, lube 
oil filtration clays, slop oil emulsion solids, and API separator sludge. 

The Toxic Substances Control Act deals with recordkeeping, report- 
ing, production conditions, the handling of toxic substances, and the 



formation on its use, the quantities to be produced, by-products, 
sposal practices, and any available data related to health and envi- 
imental effects. In addition, the Act stipulates that the manufacturer 

any new chemical substance may also be required to carry out epidemi- 
Dgical, carcinogenic, mutagenic, and environmental tests. Environmen- 
L Protection Agency regulation of the use of a chemical may take one 

three forms: (a) manufacture with no restrictions, (b) manufacture 
th conditions placed on the handling and use of the chemical, or (c) 

outright ban. 



CONTROL TECHNOLOGIES 

Current policy places emphasis on "best practicable," "best avail- 
Le," and "best conventional" control technology, with one exception: 
itable control technology must be developed where environmental pro- 
2tion criteria are more stringent than current technology can accommo- 
te. 

There are two basic levels of technology for environmental pro- 
ction: 

The simplest and narrowest approach is effluent or emission 
treatment, as required by current policy. 

A more comprehensive approach is pollution abatement, an 
approach to optimum pollution control by means of a techno- 
logical and economic evaluation of the entire pollution 
generation system as well as the effluent/emission treatment 
system. 

Government and industry both regard pollution control as the control 
three separate and independent types of wastes: those discharged to 
e air, those discharged as liquids, and those discharged as solids, 
though they may appear as separate and independent types of wastes to 
me, they are interrelated. There is consequently a need to integrate 
e treatment of these three types of wastes at their source. An evalu- 
ion of the entire system in terms of pollution generation, control, 
eatment, and disposal will provide the most feasible and cost-effective 
ans of protecting the quality of the environment. The need for techno- 
gical effectiveness and economy in the national energy program should 
ovide the motivation for the development of a multipollutant (air, 
ter, solid waste) release management system. 

Although a comprehensive mass balance study of the distribution of 
llutants among stack gas, wastewater, and solid wastes will be obtain- 



The general public has voiced its concern in recent years about indus- 
trial pollutants and the effects they may have on the environment and 
the various forms of life on this planet. Considerable controversy and 
confusion has resulted from the inability, so far, to accurately assess 
the risks posed by the emissions and effluents from industrial activity. 

One must assume that each of the regulations now in effect is well 
intended, but each has a cost that should be justified by hard evidence, 
not supposition. Without generally accepted assessments of the risks and 
benefits that are likely to result from technological developments, the 
regulations that ensue will tend to engender public cynicism and slow 
technological and economic progress. 

What is a "safe" level of pollution? Most of the regulations that 
call for the absence of "traces" of one or another material from air or 
drinking water were written in an earlier day when the limits of analy- 
sis were in the order of parts per million. Current techniques fre- 
quently permit the identification of concentrations of parts per tril- 
lion, a level at which adverse physiological effects for most, but not 
all, pollutants are extremely unlikely. Some chemicals have been called 
into question only because modern ultrasensitive analytical techniques 
have shown them to be ubiquitous. 

In siting new facilities of any kind anywhere, three basic ques- 
tions need to be answered if potential conflicts among local, regional, 
and national interests are to be avoided or, at least, resolved. The 
first question is whether the need for such a facility outweighs its 
undesirable impacts. If the answer is yes, the next question is whether 
or not the proposed site is the logical site, or the best site, for 
such a facility. If the need and the site are accepted, the final 
question is what must be done to protect the interests of the people 
that will be affected. 

There is, consequently, a need for research on impacts, risks, and 
other costs, aimed at helping decision makers and the public establish 
acceptable safeguards and evaluate trade-offs and alternatives. Obvi- 
ously, means of quantifying such costs at specific sites (especially 
those that have in the past been little touched by industrial develop- 
ment) are important and should be developed. No matter how precisely we 
can quantify a risk, an impact, or a benefit, however, it will never be 
possible to reduce cost/benefit analysis to a matter of mathematical 
certainty; social values and political interaction will always play 
the decisive role in determining what is acceptable. Research in the 
social sciences will help establish decision-making procedures by which 
the many disparate costs and benefits of development may be weighed 
in a more orderly fashion. 



The committee recommends that efforts be made to do the following: 

Develop principles, criteria, and methodologies for identifying 
environmental impacts; coordinating the control of gaseous, liquid, 
and solid wastes; evaluating alternatives and trade-offs, and resolving 
conflicts among regional and national interests. 

Determine the mass balance and distribution of hazardous sub- 
stances among the products and wastes of synfuel refineries in order 
to evaluate potential environmental and health effects. 

Better establish the toxicity, mutagenicity , teratogenicity , 
and carcinogenicity of liquid, gaseous, particulate, and solid effluents 
from the refining of coal and shale liquids and the use of the end prod- 
ucts, and determine the fates of the hazardous constituents of these 
wastes in the food chain. 

Develop more cost-effective technology for the treatment of 
refinery wastewater. 

Develop environmentally acceptable methods for the removal and 
disposal of the arsenic in shale liquids. 

Develop acceptable processes for regenerating spent catalysts 
and the recovering of metals from them for reuse. 
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9 HEALTH EFFECTS 



For over a hundred years coal tars, heavy petroleum fractions, and shale 
oil have been known to cause abnormal skin growths and sometimes fatal 
skin cancer in workers exposed to them. The occupational health risks 
of refining and handling coal- and shale-derived liquids must therefore 
be given careful study, along with the risks to consumers who use the 
refined products. Of greatest importance is the ability of coal tars 
to cause skin cancers and possibly other cancers, due to relatively high 
contents of high-boiling-point polynuclear aromatic and heterocyclic 
compounds. Shale oil and petroleum crudes contain less of these sub- 
stances, although severe thermal treatment greatly increases their 
concentrations, so that certain heavy petroleum fuel oils produced by 
severe cracking are today given special handling in refining and use. 

During the development of the petroleum industry over the past 
century, increasing attention has been paid to the environmental and 
health effects of their refining and use. Of particular importance 
have been occupational health problems and pollution of the environment 
by refinery effluents and combustion of refined products. 

The introduction of coal- and shale-derived liquids will tend to 
increase the potential for health impacts. This chapter discusses the 
specific hazards, concentrating on the problems posed by carcinogens, 
cocarcinogens, and mutagens in the liquids and in their refined products 
The experience of the petroleum industry, where similar problems have 
been successfully dealt with, will be reviewed as a model from which we 
may draw inferences about the safe handling of synthetic liquids. 



HEALTH EFFECTS OF PETROLEUM REFINING AND HANDLING 

The carcinogenic potential of petroleum crudes is low, varying from crude 
to crude (Leitch, 1922; Twort and Twort, 1931; Schwartz, 1934; Antonov 
and Lints, I960; Emmet, 1975). Differences in the carcinogenicity of 16 
different crudes have been reported by Leitch (1922), and Heiger and 
Woodhouse (1952) have shown the carcinogenicity of petroleum crudes to 
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examining boiling point fractions and other factors. In experiments 
reported by King (1969) and the United Kingdom Medical Research Counci; 
(1968), crudes that boiled at temperatures above 650F (350C) were 
found to be the most carcinogenic, but specific carcinogens were not 
isolated. As a result of these experiments, the carcinogenic potency 
of a petroleum crude was thought to be due to the interaction of weak 
carcinogens. 

Studies to date show that the carcinogenic potentials of various 
coal, oil shale, and petroleum products generally correlate with their 
boiling points. Animal tests also indicate a general correlation betwi 
carcinogenicity and the presence of certain aromatic compounds, such a: 
benzo(a)pyrene. The question is whether the increase in carcinogenic! 
with temperature is due to the selection and concentration of carcinogi 
that are already present in the crude or to de novo synthesis by pyrol 
during refining. When Smith et al. (1951) compared the carcinogenicit 
of certain virgin gas oils, crudes, and high-boiling-point catalytical 
cracked oils, they found that the virgin feed to the cracking process 
showed moderate carcinogenic activity while the residuals and the crudi 
from which they were distilled showed none. 

Experiments carried out with animals showed that the high-boiling 
point fractions of catalytically cracked oil had carcinogenic activiti 
comparable to those of active coal tars. In skin painting tests on 
mice, rabbits, guinea pigs, and rats, the mice were found to be suscep 
tible to the development of cutaneous malignancies and the rabbits wer 
found to be prone only to early papilloma (benign epithelial tumors). 
The guinea pigs and rats were unresponsive. When different boiling 
fractions were distilled from catalytically cracked oil, a sharp cut-o 
in carcinogenicity was noted. The 700-800 F (37l-427C) fractions pro 
duced only papillomas. Higher boiling-point fractions produced carci- 
nomas, the effect peaking with the fractions in the 950-975F (510-524 
range . 

Dietz et al. (1952) investigated the conditions under which carci 
genie compounds formed in refining processes and found that the major 
carcinogenic component of the refinery product was in the 700-985 F 
(370-550C) fractions. They also found, by chemical analyses and 
carcinogenic potency tests with mice, that the materials in the boilin 
point range associated with carcinogenicity could be reduced to zero 
by recycle catalytic cracking, and studied the effect of varying the 
recycle percentages 

Dietz et al. (1952) also investigated the possibility of disposin 



ction boiling above 800F (427 C) and decrease the quantity of non- 

tnatics. Despite the increase in the quantity of aromatics, tumor 

ency does not seem to be appreciably higher than that of the clarified 

feedstock. Thus, further thermal cracking of catalytically cracked 

will reduce its carcinogenic potency. 



OCCUPATIONAL STUDIES 

e years back, a number of investigators reported on the incidence of 
n cancer in certain petroleum refinery workers and the occurrence of 
n lesions on machinists using petroleum-derived cutting oils (Davis, 
4; Kennaway, 1925; Schwartz, 1934). 

Since then, additional studies have shown that the tumor-induction 
ency of the low-boiling-point fractions of petroleum may be enhanced 
the presence of some substances that are not, by themselves, carcino- 
ic. Holt et al. (1951) found that a 1:1 mixture of distillate oils 
h boiling points above and below 700F (370C) usually produced more 
ors than fractions from the same crude with boiling points in the 
-810F (370~500C) range. They attributed this paradox to the pres- 
e of noncarcinogenic long-chain paraffins (^Tn~^16^ anc * a lkyl deriva- 
es of cyclohexane, benzene, and naphthalene in the lower boiling 
nt fraction. 

Subsequently, Horton et al. (1965) attributed the tumorigenic 
ivity of cutting oils to the elemental sulfur and organic sulfur com- 
nds added, finding that the addition of elemental sulfur, benzyl di- 
fide, and tetrabutyl polysulfide shortened the latency period in tumor 
eriments. 

The toxicity of highly volatile petroleum products affects the work- 
in a variety of industries that use these products (e.g., industries 
t produce paints, solvents, and cleaning compounds). Even the slight 
osure of gasoline handlers has a significant effect. A correlation 
ween urinary phenol and exposure to gasoline has been reported in the 
erature (Sherwood, 1972), and there is anecdotal evidence that an un- 
al exposure to gasoline from industrial accidents can lead to toxic 
turbances. The toxic effects of gasoline are believed to be due to 
benzene and benzenelike single-ring aromatics and phenols that are 
sent in gasoline in low concentrations. Benzene concentrations of 
-3.2 ppm have been measured in the air near bulk-loading installations 

gasoline with 3.1-5.8 percent by volume benzene. Gasolines with 
her benzene concentrations have given atmospheric concentrations of up 
9.4 ppm (Parkinson, 1971). 
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threshold limit of 10 ppm set by the American National Standards Institute 
for the handling of gasoline with a benzene content of 5 percent or less 
(American National Standards Institute, 1969, 1975). 

Now that benzene is known to be a leukemogenic agent (Eckhardt, 
1973), the potential hazards inherent in gasoline-handling and petroleum 
refinery operations cannot be dismissed. Although a 1974 epidemiological 
survey of 38,000 refinery workers exposed to low-level benzene concen- 
trations for 10 years did not show the health conditions of these 
workers to be statistically different from those of the general popula- 
tions in the countries studied (Thorpe, 1974), this survey suffered 
from the lack of proper controls, as have many other occupational risk 
assessments in the past. 

The potential risk of leukemia from petroleum products should con- 
tinue to be examined. A 1975 survey of rubber industry workers indicates 
that the incidence of lymphatic leukemia in workers exposed to solvents 
is twice that of unexposed workers (McMichael et al. , 1975). 

In 1974, the American Petroleum Institute published the results of 
a survey of causes of death among petroleum refinery workers (Tabershaw/ 
Cooper Associates, 1974, 1975). The study selected workers in 17 of the 
nation's 251 refineries, to provide a representative sample according to 
location, ownership, and size. The mortality study involved 20,163 wor- 
kers with a total of 142,298 years of observation. Every worker included 
in the study had worked in one of the refineries for at least one year 
between January 1, 1962 and December 31, 1971. Ninety-nine percent had 
been successfully traced as of the final report on September 23, 1975. 

Sixty-four percent of the group, representing 76 percent of the 
years of observation, were men hired before 1952; the average length of 
service was 20 years. There were 1,194 deaths in the group, and death 
certificates were obtained for 1,185, 

The major findings of the study were as follows: 

1. The Standardized Mortality Ratio (SMR) for all causes was 
69.1, compared to 100 for a comparable U.S. male population. 

2. Mortality from CV-renal disease (SMR 74), digestive cancer 
(SMR 86), and ulcers of the duodenum (SMR 88) was inversely 
related to estimated exposure to atmospheric hydrocarbons. 

3. Mortality from respiratory cancer increased with increased 
esfimatpfl pvnnsiirp _ hiif rpm 
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ilar study in the United Kingdom (Rushton and Alderson, 1980) has 
tly published findings that tend to corroborate these results. 



SHALE OIL REFINING AND HANDLING 

s for the commercial production of fuels, waxes, and chemicals 
oil shale have been operated during the last 140 years in France, 
alia, Estonia, Sweden, Spain, Manchuria, the Republic of South 
a, Germany, and the People's Republic of China. Information on 
ssociated health effects has come mainly from Scotland, Estonia, 
he United States. 



Scottish Studies 

:otland, oil shale has been used since the late 19th century for 
reduction of ammonia, naphtha, lubricating and illuminating oils, 
iolid paraffin (Leitch, 1922). During the early 20th century, 
ts began to appear of an increased incidence of cancer among 
: fin and oil workers in the shale oil industry and among workers 
ixtile factories (Scott, 1922; White, 1926; Henry, 1937). The lubri- 
ig oils used extensively in the spinning-mules of textile factories 
L to be linked to cases of cutaneous, penile, and scrotal "mule- 
ler's cancer." Extensive experiments with animals (Twort and Twort, 
i showed not only that shale oil products were more carcinogenic 

comparable petroleum products but also that the high-boiling-point 
.ions of shale oil were more potent than the low-temperature f rac- 
;; the carcinogenicity increased in fractions boiling at temperatures 

750F (400C). 

Twort and Twort concluded that "shale oil contains compounds easily 
ired carcinogenic at relatively low temperatures (as compared to coal 
>, while at higher temperatures additional and more active compounds 
:ormed. " When medicinal liquid paraffin was autoclaved at 715F 
3 C) they found that it too gave definite evidence of tumorigenicity. 

Twort and Twort were unable to identify the carcinogenic compounds 
lale oil, but Berenblum and Schoental (1943), using spectrof luorome- 
reported approximately 1 percent benzo(a)pyrene (BaP) in blue shale 
but no significant evidence of BaP in unretorted shale. Beren- 
and Schoental also showed the presence of other carcinogenic corn- 
Is in the shale oil, reporting the tumor potencies of different 
groups. 
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lenes, olefins, aromatic compounds, oxygen, phenols, sulfur-containin 
compounds, and nitrogen-containing compounds, and (b) a high-temperat 
(1830-2200F, 1000-1200C) chamber-oven process yielding more aromati 
Estonian shale and its derivatives contain a relatively large amount 
of phenol-related compounds (Veldre and Janes, 1979). 

After an examination of 215 shale oil workers, Kung (1972) repot 
symptoms of intoxication (including headaches), sleep disorders, irri 
bility, fatigue, and disturbances of the central nervous system (Velc 
and Janes, 1979). Urinary excretion of phenols was noted in exposed 
workers but it did not appear to be correlated with the length of exj 

In a subsequent study of 2,069 workers who had been employed in 
Estonian shale oil industry for 10-20 years, Purde and Rahu (1979) fc 
that the incidence of skin cancer in the women in the group was signj 
cantly higher than it was in the general population, and that the 
cancers tended to appear at an earlier age. 

Since 1951 , animal tests of the carcinogenic potency of Estoniai 
shale tars, retort oils, and commercial products have been carried 01 
by painting them, in either concentrated or diluted form, on the bacl 
of mice (Bogovski and Vinkmann, 1979). In addition to irritation of 
the skin and mucous membranes, investigators noted signs of neuromus< 
excitability and systematic alterations that indicated the possible i 
sorption of toxic components through the skin, symptoms similar to tl 
reported by Kung (1972). The most carcinogenic fractions were those 
retorted at high temperatures; blends containing as little as 10 per< 
of the most carcinogenic material (chamber-oven oil) were found to h< 
the same effect as the undiluted oil. Experiments with chromatograpl 
fractions of aromatic compounds of chamber tar showed no strong corn 
tion between tumor potency and BaP content. Studies of the effect o: 
coking on BaP concentrations and tumorigenicity showed that the dist: 
from coking had less than 25 percent of the BaP content and essentia 
none of the BaP tumor potency of its chamber-oven tar precursor (Bog< 
and Vinkmann, 1979). 

In animal studies of the carcinogenic and cocarcinogenic action 
water-soluble phenols from Estonian oil shale, Bogovski and Mirme (1 
detected only weak carcinogenic activity in crude water-soluble phen 
recovered from process wastewater. Two-stage experiments they desig 
to promote the formation of tumors showed that crude phenols had pos 
effects and more refined products had weak or undetectable effects. 

Studies have indicated that the general toxicity of Estonian sh 
oil is greater in the higher boiling-point materials (Veldre and 
Janes, 1979; Blinova et al., 1974). The studies made suggest that t 



various phenolic tractions all showed considerable toxicity. 

In animal studies using acute exposures, death was associated with 
us neurological signs. With the longer exposures, there were signs 
sf unction of the central nervous system, anemia, and leukopenia (a 
e reduction in the blood's white cell count), and decreases in the 
ase and perioxidase enzymes, SH groups, and glucose levels in the 
. There was also evidence of decreased kidney and liver function. 



U.S. Studies 

few studies of oil shale-related health effects were made in this 
ry until recently. A 1955 report on skin lesions was inconclusive 
ingham, 1955), but a report the following year showed that crude 

oil and several fractions boiling above 1300F (700C) were car- 
enic to the skin of mice, although their potencies were less than 
of heavy oils from coal hydrogenation (Hueper, 1956a, I956b). 

reports on tests with mice showed that crude shale oil and petro- 
products had approximately one-fifth the carcinogenic potency 
al tar, and that hydrotreated shale oil was approximately one- 
enth as potent (Atwood and Coomes, 1974; Coomes, 1976). Another 
t study shows the following incidence of skin cancer in mice from 

doses of petroleum, shale, and coal crudes: 53 percent from a 
ifuged Synthoil coal crude, 40 percent from a shale crude from 
ified in situ pilot plant, 37 percent from a COED coal crude, and 
cent from a blend of petroleum crudes from California, Alberta, 
a, Iran, Louisiana, and Arabia (Holland et al. , 1979). 

Considerable experimental data have been obtained in the past decade 
short-term tests of mutagenic action (e.g., the Ames test, forward 
everse mutations with E. coli and Saccharomyces cerevisae, and the 
inked recessive test in Drosophila). A useful first-order predictor 
tagenesis, the Ames test is also being considered as a predictor of 
nogenesis, because of the strong correlation between the mutageni- 
and carcinogenicity of pure compounds (Ames, et al. , 1973; Ames 
., 1975). This test has been carried out with various petroleum, 
, and coal crudes, process water effluents, and so on. A central 
itory now exists for the collection and distribution of materials 
iological and chemical testing to cooperating investigators (Coffin, 

Coffin et al., 1979). Preliminary findings now available from 
-term testing may be relevant to problems associated with refining, 
ional data are to be presented at an intergovernmental agency work- 
sponsored by the Environmental Protection Agency and Oak Ridge 
nal Laboratory in mid-1980. 

A great deal of useful information has also been obtained by combin- 



Guerin et al., 1979; Epler et al., 1977). Extractive f ractionation (Table 
33) has shown that the basic fraction has the strongest mutagenic activi- 
ty, on a weight /weight basis, although a comparison on the basis of rela- 
tive concentrations shows that it is the neutral fraction that contri- 
butes most to the total activity. Chemical f ractionation has shown that 
the hydrophobic H-bonding fractions (amines, phenols, etc.) and the tetra- 
aromatic fractions have the greatest mutagenic activity. Guerin et al. 
(1979) and Epler et al. (1979) found, on further examination of the basic 
fractions, that the mutagenic activity is contained largely in an acetone 
subfraction from the ether-soluble base fraction containing such compounds 
as dibenzacridenes and azobenzopyrenes. However, continued studies 
by Guerin et al. (1979) indicate that the unusual mutagenicity of the 
basic fraction in raw coal and shale liquids may be due to the presence 
of polycyclic aromatic primary amines; Pelroy et al. (1979) also demon- 
strated the presence of amines in this fraction. No significant basic 
fraction is contained in crude petroleum. These data suggest that the 
presence of the highly mutagenic compounds such as the primary amines 
most probably explain the differences in the mutagenicity and carcino- 
genicity of coal and shale liquids and petroleum. Hydrotreating would 
remove the mutagenic activity of the basic fraction as well as that 
of the neutral fraction. 

The Tosco Corporation has been looking into the toxicity (particu- 
larly the carcinogenicity ) of shale oils for a number of years. Animal 
studies from 1975 to 1978 at the Eppley Institute for Research in Cancer 
and Allied Diseases (Omaha, Nebraska) and at Bioresearch Consultants 
(Cambridge, Massachusetts) have shown that petroleum crude oil and shale 
oil coke have carcinogenic potentials equivalent to, or lower than, 
those of common petroleum refinery products and intermediates. The 
studies have effectively demonstrated that the refining of shale oil 
by hydrotreating significantly reduces its carcinogenicity: 

Animals constantly exposed over their lifetimes to massive concen- 
trations of oil shale and Tosco II spent shale by skin contact, 
ingestion, and inhalation did not develop cancer or any acute 
toxicities. 

Intratracheal instillation of oil shale, Tosco II spent shale, 
Tosco II atmospheric effluent, or shale oil coke in hamsters did 
not cause lung cancer. 

The American Petroleum Institute has conducted a major testing 
program to determine the biological impact of raw shale, spent shale, 
and shale liquids from various sources and processes (Table 34). Related 
studies are being carried out by Colony Development, the U.S. Environ- 
mental Protection Agency, and the National Institute of Occupational 
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JuiqueiacLion 

Although this report focuses primarily on direct liquefaction, at least 
passing reference should be made to the liquids produced by indirect 
liquefaction processes (Fischer-Tropsch, methanol, methanol to gasoline, 
and methanol to methyl tertiary butyl ether). Free of nitrogen and 
sulfur contaminants , all these liquids will have acceptable combustion 
emission levels. Toxic to varying degrees when ingested, inhaled, or 
absorbed through the skin, none of them is likely to contain "chronic 
toxins" (i.e., carcinogens). 

The more complex mixtures (Fischer-Tropsch oils) have been tested 
on mice (Hueper, 1956a, I956b). Cutaneous applications and injections 
did not result in any observable cancers, but liver degeneration was 
noted in heavily dosed animals. The absence of carcinogenic activity was 
undoubtedly related to the aliphatic (as opposed to polynuclear) struc- 
ture of Fischer-Tropsch liquids. 



Direct Liquefaction 

The incidence of skin cancers among individuals working with the prod- 
ucts of coal pyrolysis and coal combustion has been noted for more 
than 200 years (Pott, 1775; von Volkmann, 1875; Yamagawa and Ichikawa, 
1915; Hueper, 1942). During the early 20th century, attempts were 
made to understand the problem by inducing malignant growths and tumors 
in animals with cutaneous applications of coal tar and extracts from 
coal and soot (Yamagawa and Ichikawa, 1915; Tsuitsui, 1918). 

A decade or so later, Kennaway and Hieger (1930) showed that it was 
possible to produce cancer with a synthesized compound (1,2,5,6 dibenz- 
anthracene) that is a component of coal tar, and Cook et al. (1933) estab- 
lished the carcinogenicity of benzo(a)pyrene. Other investigators subse- 
quently reported on the carcinogenic activities of polynuclear aromatics, 
dibenzacri dines, dibenzcarbazoles, aniline dyes, and many other compounds 
synthesized from coal, petroleum, and other feedstocks (Shubik and Hart- 
well, 1957; Gerarde, 1960). Gerarde discusses the toxicity of aromatic 
hydrocarbons at some length. 

Pyrolysis 

Various forms of coal pyrolysis were used prior to 1920 to produce 
illuminating gas, tar, refined tar products, and coke. The health prob 
lems of the workers have been reported in a number of U.S., British, and 
German publications (von Volkmann, 1875; Tillmanns, 1880; Schuchardt, 
1885; Legge, 1911, 1922a, 1922b; Kennaway, 1924a, 1924b; Heller, 1930). 
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tion) (Bruusgaard, 1959; Doll et al., 1965; Batteye, 1966; Doll et 
1972; Redmond et al., 1972; National Research Council, 1977). Coke 
are batch devices in which the emissions during charging and discha 
are unavoidable (Lawther et al., 1965; Batteye, 1966; Treibl, 1967; 
et al. , 1974). The synthetic fuel processes now under study, on th 
other hand, are continuous processes in which" products are withdraw 
under controlled conditions, as in petroleum refineries. There wil 
still be risks, however, since the primary liquid products are care 
genie (Forney et al. , 1974). Such risks must be minimized by appro 
plant design and hygienic operating practices. 

Little has been published on the health effects of the trace e 
in coal that are carried into the coal liquids during each of the 1 
faction processes. A start has been made on the concentrations of 
elements in crude coal liquids (see Table 25, Chapter 6), but more 
definitive data on the fates of these trace elements during the liq 
tion and refining processes are needed. A total of 38 elements (in 
tion to the basic carbon, hydrogen, and oxygen) have been identifie 
in coal (National Research Council, 1977). 



Coal Hydrogenation (Solvent Extraction and Catalytic Liquefaction) 

As solvent extraction and catalytic liquefaction are alternative fo 
of coal hydrogenation, it is reasonable to expect their health effe 
to be similar. 

In 1956, Hueper reported that eight of the nine fractions from 
hydrogenated coal liquid products of the U.S. Bureau of Mines' Berg 
pilot plant produced cancers in rats, mice, and rabbits; the carcin 
potency increased as the boiling point of the fraction increased. S 
activity was still present in unfinished gasoline, but none was fou 
finished gasoline. 

Since solvent-refined coal (SRC) liquids are highly aromatic a 
contain large quantities of material boiling above 600F (315C), o 
would expect them to be carcinogenic. Cutaneous applications on mi 
at the Kettering Laboratories showed that, while the solution of SR 
used was weakly carcinogenic, the hydrogenated bottoms and solvent 
moderately potent (National Research Council, 1977). 

At the close of World War II, eight volumes were written on al 
aspects of coal and tar hydrogenation by specialists from I. G. Far 
Industrie, Ludwigshafen (Prev, 1945). No detailed health data were 
eluded in this extensive summary, but a discussion on condensed aro 
showed that the authors were aware of the health hazards: 
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found were more in the nature of byproducts, in most cases 
undesired, in many cases even to be considered harmful, and 
efforts were therefore made to keep their amounts as low as 
possible. 

ipite their awareness of the carcinogenicity of high-boiling-point 
idensed aromatics, it seems reasonable to assume there were no major 
ilth problems in German industries because of the low boiling points 
the products handled. 

In 1952, a 300-ton-per-day hydrogenation pilot plant, set up by 
rbide and Carbon Chemicals to produce various chemicals from coal, began 
affect the skin of a large number of workers (Ketcham and Norton, 1960; 
rry, 1963). When 2537 & ultraviolet light was used to study the expo- 
re of the workers, the examiners noted various patterns of fluorescence, 
iging from a general fluorescence of the face to streaks and/or smudges 
fluorescence on various parts of the body. Air samplings showed con- 
itrations of BaP that varied from to 1870 mg/m^. In clinical studies 
359 of the male workers with a mean age range of 36-40 years, 51 were 
ind to have a total of 63 skin abnormalities. After an examination of 
it of these abnormalities, 18 were classified as cancerous and 36 were 
issified as precancerous; 2 others were suspected of being cancerous 
: the evidence was not clear cut . An analysis of the exposure times 
1 to the conclusion that exposures of nine months or more were increas- 
; the skin cancer rate significantly, possibly to as much as 16-37 
ies the rate for the same age group in the general population. 

By means of skin painting tests on mice, various process streams at 
bide and Carbon Chemicals were compared with a positive control (methyl 
>lanthrene). The results showed that the tumorigenicity of the streams 
} proportional to the boiling point, the light oil portion indicating 
activity (Table 35). Although the tumorigenicity was still substantial 
m the amount of pasting oil remaining in the mix was as little as 2 
cent, it could be reduced appreciably by washing the skin after expo- 
re or applying protective cream before. In tests of the effect of 
.ution (with benzene), the latent period was found to increase in pro- 
rtion to the percentage of benzene. 

Carbide and Carbon Chemicals later required that its workers wear 
)tective clothes and that they follow a regimen of showers and changes 
clothing. However, the plant was closed shortly thereafter; follow- 
studies are underway but incomplete. The company's safety and health 
>cedures and their clinical, experimental, and control programs indicate 
j type and magnitude of effort necessary to cope with the problems 
:ountered in coal hydrogenation (Sexton, 1960; Weil and Condra, 1960; 
icham and Norton, 1960). 



Material 



Boiling Point Tumor Cancer 
(C) index index 



Tumor Cancer 
ratio a ratio a 



Middle oil stream 
Light oil stream 



260 to 320 



46 



15 



35 



31 



residue 
Pasting oil 


260 to 380 
320 to 450 


66 
94 


38 

75 


46 
80 


45 
76 



Ratio of mean latent period of methyl colanthrene to the mean latent 
period of material, multiplied by 100. 

Source: Weil and Condra (1960). 



HANDLING AND USE OF OIL SHALE AND COAL PRODUCTS 

Gasoline 

Since it is reasonably certain that gasoline produced from oil shale 
and coal will be indistinguishable from gasoline produced from petroleum, 
no new problems are anticipated in handling and using synthetic gasolines. 



Mid-Distillates 

The problems of handling and using mid-distillates from petroleum 
(e.g., heating oils, diesel fuels, and kerosene) have been relatively 
minor, since they contain little or none of the more active polynuclear 
aromatics. But the situation will be quite different with mid-distil- 
lates produced from coal and oil shale. The problem may be more severe 
with the former, since coal liquids are more highly aromatic and have a 
carcinogenic activity that is comparable to or greater than that of the 
more active cracked petroleum fractions. Limited tests indicate hydro- 
treated shale oils are significantly less potent (Atwood and Coomes, 
1974; Coomes, 1976). 

Further study is needed of ways of reducing the hazards of handling 



Residual Fuels 

Since SRC and heavy hydrogenated coal oils are environmentally acceptable 
as boiler fuels, they will very likely be used for this purpose initially, 
These liquids are actively carcinogenic, however, and will require spe- 
cial handling by industrial users to avoid prolonged cutaneous contact. 
If the heavy refined shale oils are also actively carcinogenic, they 
will require similar precautions. Information on the trace metals in 
the heavy synthetic liquids has not yet been published. 



Combustion Particles 

Added to a long-standing concern about the carcinogenicity of soot from 
the incomplete combustion of coal is a newly discovered concern the 
carcinogenicity of the poly nuclear hydrocarbons (PNH) that result from 
the incomplete combustion of organic matter. a An active study of this 
matter is being carried out at the Massachusetts Institute of Technology 
using new quantitative assay techniques that are similar to the Ames test 
(Shopek et al. , 1978a, 1978b). An extensive program to evaluate the 
mutagenicity of particles from diesel exhausts is being carried out by 
the U.S. Environmental Protection Agency; some preliminary information 
has already been published. 

Since the formation of combustion particles is a primary function 
of combustion conditions, the potencies of the particles cannot be re- 
lated simply to the fuel source. 



CONCLUSIONS AND RECOMMENDATIONS 

The mutagenicity and carcinogenicity of coal, shale, and petroleum 
crudes tested to date can be ranked in that order, with coal at the top 
of the scale. Although raw shale liquids fall between coal liquids and 
petroleum in this list, their activity is closer to that of petroleum. 

The differences between the mutagenicities of synthetic and petro- 
leum crudes may be explained by the presence in the former of highly 
mutagenic alkaline constituents (the polycyclic aromatic primary amines). 



a Common sources of PNH: gasoline and diesel engines, steam plants, power 
plants, coke ovens, the burning of refuse, and the decomposition of or- 
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mutagenic and carcinogenic activities of the liquids. The mutagenic 
carcinogenic activities of hydrotreated shale liquids, for example, 
differ little from those of petroleum crudes (Cowser, 1980). 

Since the hydrocarbons of coal and shale liquids tend to have i 
complex structures and higher molecular weights than petroleum crude 
the correlation between boiling point and carcinogenicity in petrol* 
crudes may not be directly applicable to coal and shale liquids. Tl 
is an area that requires study (already underway on Paraho shale oi] 
Additional information is also needed on the toxicity of the highly 
volatile compounds produced from coal and shale liquids. 

Biological testing should be carried out as part of the effort 
develop a synthetic fuels industry, to determine the nature and ext< 
of the potential risks to the health of workers in such an industry 
and of the general population. 

Since toxicity may be a feature of a particular resource or a J 
tion of the mode of processing, or both, every aspect requires attei 

It would be prudent to have the biological data in hand before 
making a major investment in production facilities. This calls for 
integrated effort by fuel technologists and toxicologists on every s 
of the production process, from the extraction of the resource to tl 
of the final product . 

While it is recommended that classical toxicological techniques 
used to provide definitive information, attention should also be gi - 
new techniques (e.g., bacterial mutagenic tests) that appear useful 
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10 RESEARCH AND DEVELOPMENT 



Federal funding of research and development should focus on activi- 
ties that augment but do not duplicate the R&D that private industry 
can carry on effectively. 

Federal support is appropriate for (a) high-priority projects whose 
costs or risks limit support by private enterprise, (b) long-term develop- 
ment programs with distant payoffs, and (c) programs that, for strategic 
reasons, are needed to develop technologies earlier than they would be 
developed if left to market forces. Another responsibility of the 
government is research and development directed specifically at protec- 
ting the environment and the health and safety of the public and the 
work force. 

Synthetic fuels can, at present, be refined with known or partly 
developed processes based on privately developed petroleum refining 
technology. The necessary research and development, in the judgment 
of industrial experts, is low in both cost and financial risk and is 
a direct extension of ongoing research programs devoted primarily to 
petroleum refining. Given reasonable expectations of a market in the 
relatively near future, the private sector can provide the necessary 
refining technology without federal R&D funds. Many private concerns, 
in fact, are reluctant to seek federal support, which, in their views 
tends to stifle incentives for industry to spend its own funds on R&D, 
threatening the traditional competitive conduct of proprietary research 
and development. 

The Department of Energy has a responsibility for ensuring that the 
necessary technology will be available when needed, however, and some 
participation in refining R&D appears necessary so that advanced technol- 



fuels. In addition, current projects sponsored by the Department of 
Energy were reviewed informally with members of the Department and their 
contractors. 



FEDERALLY FUNDED R&D 

The Department of Energy sponsors a limited amount of basic and explora- 
tory research in fields pertinent to synthetic liquid refining and the 
indirect liquefaction of coal. At one point, the government planned a 
IQO-barrel-per-day plant to test refining processes and produce products 
for evaluation but this was dropped because of budget limitations. 

The basic and exploratory work sponsored by the Department of Energy 
is done by universities, federal laboratories, and industrial concerns, 
with pilot-scale projects handled by contract with industry. A number 
of universities are investigating the chemical, physical, and thermal 
properties of various coal-derived liquids, and the Bartlesville, Laramie, 
and Pittsburgh Energy Technology Centers are carrying on similar work 
with coal and shale liquids. Federally sponsored programs at universities, 
federal Energy Technology Centers, and at least one private R&D firm 
are studying the chemistry of catalytic refining. 

Also being carried on at government laboratories are limited attempts 
to apply modern petroleum refining practices to synthetic crudes; the 
projects are mainly bench-scale experiments with variations in catalysts 
and process conditions. Some universities are also experimenting with 
process and catalyst variations. 

Chevron Research Co. began conducting bench-scale refining tests of 
shale oil and coal liquids in 1977 with Department of Energy support, 
using conventional refining techniques. This effort is currently focusing 
on cutting costs. Universal Oil Products is conducting similar contract 
work. 

The Navy contracted early in fiscal year 1977 for 60,000 to 100,000 
barrels of shale oil from the Anvil Points Facility, operated jointly by 
industry and the Department of Energy. This oil is being refined to 
military product specifications so that full-scale tests of the resulting 
products can be conducted. The Air Force is also funding research and 
development work to determine the most cost-effective way of refining 
whole shale oil to low-nitrogen turbine fuel. 

The canceled pilot-scale plant, planned by the Department of Energy, 
to produce transportation fuels from coal liquids will still be needed to 
produce fuels for full-scale testing in currently available engines. It 
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work in refining R&D. a Bartlesville has a unique thermodynamics labora- 
tory and an engine-testing facility where, using a total systems approach, 
studies are being made of optimal combinations of refining facilities 
and engine types. Laramie is field testing in situ coal gasification 
processes and is also monitoring all of the DOE's shale contracts. 
Pittsburgh, the largest of the three centers, remains a leader in the 
conversion of coal to liquids and gases. 

The analytical capabilities are excellent at all three centers, 
particularly at Bartlesville, where the equipment includes the latest in 
facilities of this type. The extensive analyses of liquids being obtained 
at all three locations will prove very helpful in guiding research and 
development in this area. Laramie concentrates on shale oils and Pitts- 
burgh on coal liquids, with Bartlesville working on both. Laramie is 
the only center that has done a significant amount of work in refining, 
having made studies of coking, hydrotreating, and hydrocracking of shale 
oils for more than 20 years. However, the equipment at Laramie is old 
and limited in scope, and appears inadequate for the type of experi- 
mentation that will be needed in this area. Pittsburgh, on the other 
hand, has just installed modern continuous units for refining coal 
liquids; these units are being tested. 

One of Bartlesville 's major functions is monitoring contracts on 
enhanced oil and gas recovery. This center, with a staff of about 190, 
has a long background of cooperative work with the petroleum industry, 
including projects (sponsored by the American Petroleum Institute) in 
characterizing crude oils and individual compounds in petroleum. Efforts 
on refining have been limited to paper studies of the application of 
existing petroleum processes, but a small multipurpose hydrogenation 
unit installed recently will give the laboratory some "hands-on" experi- 
ence in refining. Bartlesville 1 s thermodynamics laboratory and engine 
test facilities have been used on a cooperative basis to carry out work 
for other government departments and for industry. 

Laramie, in addition to monitoring oil shale contracts, is carrying 
out in-house work on shale oil composition and in situ retorting. Its 
work on one of the fractions of shale oil, a very heavy tar, includes the 
characterization of this material and an evaluation of its use as asphalt 
for road construction. The annual reports that have been issued are 



i"he National Laboratories (Oak Ridge, Argonne, Brookhaven, Sandia, and 
Lawrence Livermore) and the other Technology Centers (for example, 
Morgantown and Grand Forks) also have considerable capacity for research 
and development in the refining of synthetic fuels. 



The Pittsburgh Energy Technology Center at Bruceton, Pennsylvania, 
with a staff of 470, is part of a complex which also includes facilities 
of the Department of Labor's Mining Safety and Health Administration and 
the Department of the Interior's Bureau of Mines. Other Department of 
Energy functions at that location include the 75-ton-per-day Synthane 
pilot plant, the 10-ton-per day Liquefaction Test Facility (formerly the 
Synthoil PDU), and the Pittsburgh Mining Operations Center, which is 
carrying out research in longwall and conventional mining. Until the 
summer of 1978, work on the refining of coal liquids at Pittsburgh had 
been limited to batch autoclave experiments, the results of which were 
difficult to translate into conclusions about large-scale continuous 
operation. Pittsburgh has since expanded its laboratory facilities 
and now has two flow-type hydrogenation units, instrumented to give a 
complete set of data. Its capability for catalyst and other process 
research has also been expanded. 

In considering the general problem of research on the refining of 
coal and shale liquids, this panel concludes that major research and de- 
velopment on processes should be handled by industry, not only because 
they will be the ultimate users of the technology but also because they 
have built excellent facilities and have trained personnel to carry out 
the work. It is recommended that the Energy Technology Centers keep 
work of this type to the minimum level necessary to maintain famil- 
iarity with the field. This panel also concludes that long-range basic 
research on the refining of these liquids should be sponsored by the 
government; while a substantial amount of relevant basic and explora- 
tory work being carried out by industry, government support can have 
the desirable effect of accelerating progress in the development of new 
processes. 

In view of the relatively limited manpower and facilities available 
at Bartlesville and Laramie, it appears that neither is in a position to 
carry out in-house, longer range research. But Laramie can monitor de- 
velopment-type contracts on the refining of shale oils, drawing heavily 
on its staff's knowledge of the constitutions of these materials, and 
Bartlesville can do the same for coal liquids, based on its staff's 
analytical knowledge and their familiarity with petroleum processing 
techniques. 

The center at Pittsburgh, where a Process Sciences Division has been 
set up with a Catalysis Branch, a Process Development Branch, and a Chem- 
istry Branch, is in the best position to carry out some limited work 
in-house and to monitor contract work with universities, industry, and 
nonprofit institutions. 

Thus, while the Energy Technology Centers do not have the resources 



.nel conducted an informal poll of 37 private concerns, including 
ect-engineers, petroleum refiners, and catalyst manufacturers, that 
.w conducting refining research and development and might be expected 
ttinue developing technology for refining coal and shale liquids. 
>uld be stressed that this was not a comprehensive survey. It was 
led only to provide general information about efforts by private 
:ry in this field. The questionnaire used is included as an appendix 
.s chapter. 

Cwenty-nine companies responded. The detailed responses must be kept 
iential, but the aggregated statistics give a general picture of the 
:s being made and of industry views on where (or if) federal funding 
effectively spent on these problems. 

Che results reveal that perhaps ZQ.0.0 1 people, professional and non- 
ssional, are working in private industry on all forms of refining 
irch. Ten to twenty percent of the effort is devoted specifically 
2 refining of coal and shale liquids, including basic research and 
-scale and pilot-plant work. Approximately half the effort specifi- 
devoted to synthetic fuel refining is funded by the federal govern- 

The 29 responding companies have, in all, devoted more than 1000 
ci-years to coal and shale liquid refining problems. 

Fifteen companies answered the question whether basic exploratory 
rch in these subjects is needed, all of them in the affirmative, 
added that government and industry should sponsor such work jointly, 
wo stated that industry alone should be involved. Ten respondents 
red the question whether development and demonstration work is 
d, all in the affirmative; five recommended joint government-industry 
orship, and two expressed the belief that industry itself should 
e sole source of funds. 

In their general comments, four companies favored government involve- 
in defining needed areas of research and coordinating the R&D effort, 
were opposed to government intervention, stating that refining re- 
h is low in both risk and cost, that the petroleum industry will 
op the necessary technology, and that government funding in the 
etic liquid fuel field should be aimed at liquefaction processes 
r than refining. 

Most of the responding companies, in answer to a question about re- 
h needs, recommended that research be carried out on the following: 

Longer lived catalysts 



Low-cost methods for producing hydrogen 

Inexpensive and effective means of removing nitrogen and sulfur 
from the products 

Improvements in product stability, to allow longer storage 

The chemistry of raw liquids and their chemical behavior during 
processing 

The economically optimum combination of various final products 
and end-use devices. 

The panel is familiar with industrial research and development 
in this field, and has been able to identify strong and weak points. The 
major problem is not a technical one, but rather the uncertainty about 
economic factors. No one is certain when commercialization will occur, 
and there is consequently no incentive for a high-priority full-scale 
commitment by industry. 

At present, most research and development in this area is carried 
out under government support, with cost-sharing by industry. Exper- 
imental work in the industrial laboratories is being done primarily 
on the following: 

The development of more selective catalysts for nitrogen and 
sulfur 

The development of catalysts with longer life 

The investigation of operating parameters affecting the upgrading 
of solvent refined coal via expanded bed catalytic hydrogenation 

Catalytic cracking and hydrocracking of hydrogenated coal-derived 
and shale-derived gas oils 

The removal of ash from coal-derived liquids without the use of 
filters or centrifuges. 

In carrying out this work, industry is drawing on its accumulated exper- 
ience and expertise in petroleum refining. 

The scope and level of industrial activity appear sufficient to yield 
practical technologies for converting coal to liquid fuels, but a strong 
effort to optimize these technologies cannot be expected until the 
economics are favorable. The case of shale oil is somewhat different. 



ngnt. inese rirms oejiieve tnat the time required tor tinal pilot-plant 
studies, optimization and construction will be available during the 
time period between a decision to produce shale oil commercially and 
the need for production quantities. 



R&D PRIORITIES 

The informal and selective survey of R&D work in progress, and the 
experience of the members of this panel, permits identification of the 
most important fields for R&D in synthetic liquid fuels refining. They 
are summarized here; more detailed technical discussions appear elsewhere 
in this report. 



Future Product Requirements 

Liquids produced directly from coal and shale are considerably more 
costly to refine to meet current gasoline and distillate fuel specifica- 
tions than is petroleum. The highest boiling fractions of coal liquids 
are expected to be used initially in applications where little refining 
is necessary, as in power plants and large industrial boilers. Fractions 
boiling in the same temperature range as gasoline will likely be used 
to produce gasoline because of their high octane numbers. But the use 
of coal liquids for the production of distillate fuels is expected to be 
delayed. Shale liquids, with their higher hydrogen contents, will be 
more attractive for the production of high-quality transportation fuels. 

By the time synthetic fuels are produced in any quantity, the rela- 
tive demand for various liquid fuels will probably have changed. Gaso- 
line, for example, is expected to constitute a smaller proportion of total 
hydrocarbon demand in the future than it does today, while mid-distillate 
fuels of high hydrogen content (diesel and jet fuels, home heating oil, 
and the like) will grow in importance. This is something of a problem in 
view of the low hydrogen contents of coal liquids and the high cost of 
hydrogenation. Now under study are combustion equipment designs that 
can use fuels with lower hydrogen contents (e.g., gas turbines, strati- 
fied-charge engines, and Stirling-cycle engines), but they are not likely 
to be used on any significant scale before the turn of the century. 

At present, engine manufacturers and fuel refiners are looking 
to each other for direction. The need for collaboration is recognized, 
but any shift in products and fuels will be slow in coming. Practical 
engine-fuel systems require considerable effort, not only on the tech- 
nical and engineering problems but also on the financial and institu- 
tional arrangements that will be needed to optimize costs and effi- 
ciencies. 



liquids that have heavier burdens of nitrogen, sulfur, and various trace 
elements. As these impurities tend to deactivate conventional catalysts, 
it is vital to understand the deactivation mechanisms. 

Especially important is the need for selective hydrodenitrogenation 
catalysts. Since nitrogen degrades product stability and pollutes the 
air when the products are burned, it must be removed from fuels that are 
to be used in many end-use devices. Unfortunately, available catalysts 
tend to saturate the raw liquids with hydrogen before removing nitrogen, 
resulting in high hydrogen consumption. Hydrodenitrogenation catalysts 
that are as selective as available hydrodesulfurization catalysts need 
to be developed. Federal support of basic research relevant to this 
problem is recommended. 

Shale oils present a particular problem because their arsenic con- 
tents are generally high. Arsenic is highly toxic and, in addition, 
rapidly deactivates refining catalysts. Industry is already attacking 
this problem, but long-range studies of arsenic's chemical forms in shale 
oil, its specific catalyst deactivation mechanisms, and its removal would 
be helpful. 



Disposal of Arsenic Wastes from Shale Oil Refining 

Traces of arsenic remain in spent shale and enriched deposits of 
arsenic accumulate in spent guard chamber clays and hydrofining catalysts 
(probably as As2Sg) during shale oil refining; these must be disposed of 
in an environmentally acceptable manner. AsoSo is reported to be pyro- 
phoric; hence, a controlled incineration is probably required. Since 
impervious clay deposits are frequently found in underlying shale depos- 
its, the disposition of oxidized spent clays and catalysts in compacted 
spent shale is a reasonable possibility. Evaluation and pilot testing 
of this procedure is needed. 

An alternative, more expensive procedure is disposition through 
long term storage procedures at a national disposal site (U.S. Environ- 
mental Protection Agency, 1973). 



Hydrogen Production 

Because coal liquids are relatively low in hydrogen content, large 
amounts of hydrogen must be added during the refining process to produce 
high-quality hydrocarbon fuels. Hydrogen is also needed to remove the 
sulfur and nitrogen. All commercial methods of hydrogen production are 
costly and contribute heavily to the costs of the ultimate products. 
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^ r 6 FJ.uj.J.ii.y developed, a sharing of R&D costs between DOE 

and industry would be desirable. Exploratory and basic work on new ap- 
proaches to hydrogen production should be supported by the Department of 
hnergy where good ideas and competent research teams can be identified. 

Chemistry of Raw Liquids and Chemical Reactions in Refining 

The chemical properties of shale liquids differ markedly from those of 
petroleum. They are, in general, more heavily laden with nitrogen, 
sulfur, and oxygen, and some contain wide varieties of trace elements. 
Coal liquids from direct conversion processes contain large concentrations 
of polycyclic aromatic compounds, a few of which are known carcinogens. 

These characteristics have important implications for refining, the 
environment, and the health of synthetic fuel workers and the public. 
A comprehensive and accurate picture of the compositions of coal and shale 
liquids is obviously vital. While some federally funded work is being 
carried out at universities and federal laboratories, more effort is 
needed in these areas. 



Indirect Liquefaction 

Indirect coal liquefaction may prove competitive with direct liquefac- 
tion as a means of producing gasoline, diesel fuel, and jet fuels. The 
indirect process (involving gasification, gas purification, and subse- 
quent liquefaction) has the advantage of removing all of the impurities 
of the feed coal but, in the Fischer-Tropsch process as operated commer- 
cially at SASOL, it results in an olefinic gasoline that requires further 
treatment. In addition, the SASOL gasoline contains a range of chemicals 
that must be separated out for other applications or further conversion. 

If more selective catalysts for indirect liquefaction can be devel- 
oped, this Fischer-Tropsch process, which now appears to be more expensive 
than direct liquefaction, will appear more competitive when the overall 
goal is considered. Research on new catalysts, with the objective of 
producing a greater proportion of transportation fuel of the desired 
quality should be encouraged. Some very promising developments have 
taken place recently; for example, industry has developed an indirect 
process for the selective conversion of synthetic gas to high-octane 
gasoline by converting the gas to methanol, which is then converted to 
high-octane gasoline over a zeolite catalyst. 



Health and Environmental Impacts 
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impacts on ecological systems and the health of workers and the general 
public must be established with greater precision than is now possible. 
Finally, suitably effective control technologies must be made available. 

In the human health field, the first task is to identify the popu- 
lations most at risk, by means of multimedia exposure assessments that 
take into account all sources of exposure; presumably the most heavily 
exposed population will be that of workers in refineries, and those who 
must handle certain refined products. Complex mixtures of substances 
will be involved, and their possible interactions must be accounted for. 
Workers should be monitored for signs of exposure-related health problems, 
and a follow-up registry should be maintained so that their conditions 
may be checked periodically in the future. Clinical and laboratory 
studies of the metabolism of toxic, carcinogenic, co-carcinogenic, and 
mutagenic materials should be made to Identify the main risks and useful 
indicators of exposure. 

Studies of the ecological effects of refinery effluents and emis- 
sions should begin with accurate assessments of the compositions and 
release rates of all wastewaters, solid wastes, and emissions to the 
atmosphere. Site-specific studies of pollutant effects and pathways 
in the environment should begin early enough so that later recognition 
of the need for tighter control does not impose undue retrofit require- 
ments on refining systems, and control technologies should be assessed 
in terms of their effectiveness in controlling all pollutants of 
concern. 



RECOMMENDATIONS 

Although refining processes capable of producing conventional fuels 
from oil and shale are available, high hydrogen consumption, poor selec- 
tivity, and, in some cases, low catalyst activity and life indicate the 
need for major improvements. The petroleum industry in the United States 
is capable of developing synthetic fuel refining processes and is carry- 
ing on a considerable amount of exploratory research, but the clearly 
distant need for major synthetic fuel refining facilities has delayed a 
major effort at commercialization. As complements to the research and 
development efforts of the petroleum industry, the panel recommends that 
the government support its own program, emphasizing basic and explora- 
tory research. 



Basic and Exploratory Research 



i Reaction mechanisms for the selective removal of nitrogen, 
as a means of reducing the consumption of hydrogen 

i The deactivation mechanisms of selective catalysts for the 
removal of nitrogen, oxygen,' and arsenic 

i New catalytic materials. 

allowing problems should be given moderate priority: 

The forms in which arsenic is present in shale oil, and 
reaction mechanisms for its removal 

i The mechanisms of the viscosity and solubility changes 
that occur during the storage of some coal liquids 

The factors that determine selectivity in indirect 
liquefaction. 

roblems in the following list deserve relatively low priority in 
al research and development: 

Reaction mechanisms for the removal of oxygen from syn- 
thetic liquids 

The deactivation mechanisms of desulfurization catalysts. 



Applied Research and Process Development 

industry is able and willing to develop refining technology to 
modate synthetic liquids, the federal government should monitor 
ESS and maintain enough expertise to allow efficient regulation 
dentif ication of emerging basic research problems. This will 
1 the funding of some small applied research projects in the 
y Technology Centers, universities, and industry. 

In such a program, methods of selective nitrogen removal and tech- 
s for lowering the cost of hydrogen, and synthetic gas, and the 
opment of longer lived catalysts for removing nitrogen, oxygen, 
rsenic deserve the highest priority; all could strongly reduce 
ction costs. On the next order of priority are methods of selec- 
arsenic removal, more selective catalysts for indirect liquefaction, 
dditives to improve the stability of coal and shale liquids. A 
priority should be given to methods of selective oxygen removal 
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Because the economics of synthetic fuels depend heavily on the extent 
to which they must be upgraded for use in engines and burners, it would 
be useful to optimize fuels and end-use equipment, considered as a 
system. The development of engines and burners that can use less 
refined fuels, for example, might pay large returns in overall effi- 
ciency and economy. Large scale engine and burner tests would be 
required in such a development effort, and suitably large supplies of 
refined fuels. The facilities, including a small refinery, would be 
too expensive for any private company to construct, and a government- 
industry cooperative program might be appropriate. 
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UJWUSRNS INVOLVED IN REFINING R&D 

November 22, 1977 



irs: 

.t the request of the Department of Energy (formerly ERDA) the 
,al Research Council has formed an ad hoc panel to investigate the 
ch and development needs related to the refining of synthetic crude 
btained from coal and oil shale. The specific objective of the ad 
nel is to: 

efine the research and development needs in refining coal and shale 
iquids to a product slate emphasizing transportation fuels and other 
istillable fuels. 

er to accomplish this objective, the panel will: 

urvey the programs currently underway on processing techniques 
ppli cable to coal and shale upgrading. Programs are currently 
upported by Industry, Department of Energy, Department of Defense 
nd the Electric Power Research Institute (EPRI). 

ith the results of the above, define the areas in coal and shale 
efining and upgrading where research would be desirable from a 
enefit to cost standpoint and from the standpoint of national needs. 

rrent composition of the panel is attached to this letter. 

.s indicated in the statement of task, a measure of magnitude and 
of R & D programs aimed at advancing the technology of refining 
nd shale liquids is needed in order to define research needs in this 



t is recognized that a substantial fraction of petroleum refining 
logy is applicable to the refining of coal and shale liquids and 
etroleum refining research and development capabilities could po- 
lly be focused on research dealing with the special characteristics 
1 and shale liquids such as high nitrogen content, high aromatic 
.t, high oxygen content, etc. For hydrogen manufacture, programs 
at cost reduction where coal or coal char is the starting material 
be relevant. Similarly, studies of product composition requirements 
fr.^,,0 ^ +-KO offor>i- of hi oh nltrneen content on fuel stability or 
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For consistency, it is recommended that the information include 

1. Total laboratory and staff professional personnel directly en- 
gaged in research and development on the refining of hydrocarbon 
liquids including those from tar sands, shale oil and coal, as 
well as from crude petroleum. 

2. The fraction of this effort specifically devoted to refining of 
coal and shale liquids. This might include problems related to: 

a) sulfur removal e) hydrogen manufacture 

b) nitrogen removal f ) product composition 

c) boiling range conversion g) fuel stability 

d) hydrogenation h) others 

3. The split between Basic & Exploratory, Bench Scale and Pilot 
Plant. 

4. Fraction of this work supported by government funds. 

5. Your comments on research needs in this area. 

The industrial information gained in this survey will be presented 
in aggregated form; thus we will not reveal, in any way, the specific 
activities of any one company. The information will be listed under the 
categories of: 

Petroleum companies 

Process research and construction companies 

Please let me stress that the data provided will be used only to help 
the panel complete its objective; that is, providing meaningful recommen- 
dations to the Department of Energy on where research and development 
should be concentrated. 

I would appreciate it if we could receive your response by Jan. 2, 
1978. Your cooperation in gathering this information will be greatly 
appreciated. 

Sincerely yours , 



John 0. Berga 



